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Summary 
 
This Thesis focused on the fundamental understanding of whey protein-based matrices as 
coating material for preserving the viability of Saccharomyces boulardii after spray drying. Work 
was conducted by utilizing an armory of physicochemical techniques such as rheology (small 
deformation dynamic oscillation in shear), modulated differential scanning calorimetry (MDSC), 
micro DSC, Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy 
(SEM). In a further development, results obtained will develop fundamental understanding in the 
structural behaviour and interactions of whey protein/gelling polysaccharide (sodium alginate and 
chitosan) mixtures in relation to improved preservation of the encapsulated microorganism.  
The study of probiotic yeast S. boulardii reached a maximum cell density of ~107.5 cfu/ml 
in yeast nitrogen base (YNB) broth after 16 h at 37°C, and cell density did not increase when 
calcium (50 mM) was added in the broth. A similar cell density was obtained in phosphate-
buffered YNB broth as well as the unbuffered broths adjusted to pH 4, 6 or 8. However, the cell 
density was significantly reduced (ca. 1.3 log cfu/ml) within 24 h when the YNB broth was 
adjusted to pH value of 2. Presence of a lag phase, a key difference in the yeast’s growth profile 
at these pH levels, was observed. No lag phase was recorded for the growth in YNB broth at pH 4 
or 6. However, when the culture was transfered to a broth with pH of 8, there was a distinct lag 
phase for ca. 12 h. The yeast showed no significant difference in viability, which was all below 
5%, when exposed with whey protein isolate (WPI) coating to spray drying outlet temperatures in 
the range of 50 to 60°C. 
Once the above growth patterns of the yeast were established, they were used to evaluate 
the effectiveness of whey protein isolate as an encapsulant in protecting S. boulardii from spray 
drying condition under varying conditions such as whey protein concentrations and CaCl2 
addition. Data from this work demonstrated that whey protein concentration is directly 
proportional to the strength of the network, but it is in an inverse relationship to the denaturation 
temperature. Whey protein systems near the isoelectric point (pH 4-5) had reduced electrostatic 
repulsion and enhanced rapid protein-protein interactions, which is associated with an early 
agglomeration. Moreover, this type of unequivocal agglomeration formed three-dimensional 
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structures with relatively inferior and reduced values of elastic modulus in the mature matrix. By 
contrast, systems in neutral and alkaline regimes had higher elastic modulus due to most likely a 
gradual and better arranged reinforcement of whey protein polymeric network. Likewise, addition 
of calcium chloride up to 200 mM enhanced the network strength; however, the enhancive effect 
was small between the distinct counterion concentrations. Interestingly, the early agglomeration 
helped to shield quickly the yeast cells against the thermal shock that occurs during spray drying; 
as compared with the high network strength exhibited by the whey protein systems at neutral and 
alkaline pH, which had relatively low kinetic rates of structure formation. 
Based on the findings associated with the early agglomeration phenomena near the 
isoelectric point, work in this Thesis further investigated the integrity of whey protein as a 
coating matrix in relation to pH of the feed solution and spray drying inlet temperature. 
Microcapsules at pH 4 improves the survivability of the probiotic yeast, as compared with their 
counterparts at pH values from 5 to 7. In addition, processing conditions with an inlet 
temperature for the spray dryer of 90°C exhibited the highest percentage (about 38%) of viable 
microorganisms. These results indicate that agglomerated structures, observed at pH 4, when 
exposed to a high inlet temperature promote rapid crust formation, which in turn protects more 
effectively the core material (yeast cells). Further, variation in pH values contributed to 
considerable differences in capsule size; with a larger capsule size being observed near the 
isoelectric point attributable to reduced electrostatic repulsion that leads to increasing protein-
protein interactions; hence having an effect on S. boulardii preservation.  
In addition to whey protein, work in this Thesis also investigated the influence of added 
gelling polysaccharides (sodium alginate and chitosan) on the production of microcapsules of S. 
boulardii through spray drying. In alginate/whey protein (10%) composites, increase in alginate 
concentration from 0.3 to 0.5% (w/w) resulted in a decrease of the overall network’s strength and 
an observation of a phase inversion phenomena. Thus, alginate at 0.1 to 0.3% is a microdomain 
within the supporting whey protein phase, but it manages to form a continuous matrix at higher 
levels of the polysaccharide. An accentuated outcome of phase inversion from whey protein to 
chitosan-driven structural properties was also shown in the chitosan/whey protein composite 
when the polysaccharide concentration was increased from 0.1 to 0.3% (w/w). Reductions in the 
survivability of S. boulardii cells from 3 to 1% and 10 to 2% were shown in spray dried 
alginate/whey protein and chitosan/whey protein capsules, respectively, compared to that from 
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only whey protein isolate. This finding indicates that increasing addition of gelling 
polysaccharides disrupts the mechanics leading to a reduction in probiotic survival upon spray 
drying.  
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Introduction 
 
1.1 Food use of hydrocolloids and their mixtures 
The two major classes of food hydrocolloids are polysaccharides and proteins, and either 
can occur as essentially pure macromolecules or as part of highly specific structures, whose 
properties are not macromolecular but ‘supramolecular in form. Hydrocolloids possess a broad 
range of functional properties in food products, which will be discussed below in relation to their 
chemical fingerprints and conformational characteristics.   
 
1.1.1  Dietary fiber 
This is the edible part of plants that is resistant to digestion and absorption in the human 
small intestine, with complete or partial fermentation in the large intestine. Most of dietary fiber 
(DF) comes from the cell walls of fruits, vegetables, cereal products and seeds. DF includes 
polysaccharides, oligosaccharides, lignin, and associated plant substances. It promotes beneficial 
physiological effects including laxation, and/or blood cholesterol attenuation, and/or blood 
glucose attenuation. Based on the solubility characteristics, DF can be categorized into insoluble 
and soluble dietary fiber.  
 
1.1.2 Insoluble dietary fiber 
Insoluble DF, such as cellulose, some hemicelluloses and lignin, are largely insoluble in 
water but possesses some water-binding properties that help to increase bulk, soften stool and 
shorten transit time through the intestinal tract. This type of fibre is only slowly fermentable in 
the colon (Dreher, 2001). Examples of foods rich in insoluble DF are whole grain breakfast 
cereals and vegetables (e.g., celery and carrots). They can be major components of the cell walls 
of cereals as cell-wall polysaccharides, lignin and substituents, including cinnamic acids, but for 
most the detailed structures remain to be elucidated (Fincher & Stone, 1986; Carpita & Gibeaut, 
1993). Arabinoxylan (AX) is one of the major polysaccharides in major cereal cell walls and is 
 3 
 
part of the so-called hemicellulose that is generally believed to act as cement between cellulose 
fibers within cell walls (Andersson & Åman, 2001).  
AX consists of long backbone chains of anhydro-D-xylopyranosyl residues linked 
together by β-(1→4) glycosidic bonds. The major substituents are single α-L-arabinofuranosyl 
residues attached at the 2- and/or 3-position to isolated xylosyl residues of the main chain. Some 
of the arabinose units are substituted with a phenolic substance, principally ferulic acid, but also 
ρ-coumaric acid, which is linked with an ester bond between its carboxyl group and carbon 5 of 
the arabinose. Phenolic acids are the major group of antioxidants in wheat grain, with total 
phenolic acid content being highly correlated to the total antioxidant activity of grain extracts 
(Beta, Shin, Dexter & Sapirstein, 2005; So, Woong, Dong, Hwa & Yong, 2002). Ferulic acid can 
be rapidly decarboxylated (thermally or enzyme catalyzed) into a flavor active compound, p-
vinyl guaiacol (PVG), which is strongly malodorous with off phenolic notes and affects adversely 
the organoleptic profile of arabinoxylan containing food products. 
It has been shown that ferulic acid substituents are involved in the oxidative gelation of 
water-soluble arabinoxylan by formation of dehydrodiferulic acid units (Geissmann & Neukom, 
1973). Markwalder and Neukom (1976) found small units of this dimer in water-insoluble cell-
wall material from wheat endosperm, indicating that diferulic acid cross-links between adjacent 
polysaccharide molecules could reduce their solubility. An important property of arabinoxylan is 
its ability to form highly viscous solutions in water. Andrewartha, Phillips and Stone (1979) 
investigated the properties of water-extractable arabinoxylan isolate from wheat flour. They 
found that highly substituted regions became rod-like, while regions with less arabinose tended to 
be more flexible. When the arabinose residues were partially removed, regions without 
substituents formed aggregates and became insoluble. 
 
1.1.3 Soluble dietary fibre 
Soluble DF is mainly non-starch polysaccharides including alginate, pectin, carrageenan, 
agarose, xanthan gum, deacylated gellan, guar gum, beta-glucans (mainly oat and barley) and 
oligosaccharide fructans (Angioloni & Collar, 2009). Sources of soluble DF include cereals, 
legumes, oil seeds, fruits and vegetables, and seaweed. Soluble DF can break down as it passes 
though the digestive tract, forming a viscous fluid or gel that slows digestion and nutrient 
 4 
 
absorption. Furthermore, soluble DF may slow down gastric emptying by increasing the viscosity 
of gastric contents.  
Soluble DF has the capacity to alter the flow characteristics of fluids and to interact in the 
hydrated state with other dispersed or dissolved molecular species to which they may bind, 
chelate, complex, emulsify, encapsulate, flocculate, stabilize or suspend. As a result they 
perform, either by themselves or in association with proteins, lipids and other co-solutes (for 
example, sugars), vital functions by providing structural support, adhesion, cellular recognition 
and growth (Kasapis, 2006a). 
Dietary fibres are widely used in food as stabilizers, thickening and gelling agents, 
crystallization inhibitors and encapsulating agents. For example, guar gum and locust bean gum 
are extensively used to prevent creaming or settling in salad dressings, soft drinks and fruit juices. 
In addition, DF can also be utilized as fat replacers because it can bind water within the product 
and generate acceptable fat-like texture (spreadability) and “mouthfeel” (Kasapis, 2006b). Inulin, 
a type of fructans, is one example of DF that has been considered in recent years as a fat and 
sugar replacer. In addition, inulin is used in a wide range of food products for its physiological 
features including prebiotic characteristics (Meyer & Tungland, 2001). 
 
1.1.4  Alginates 
These are 1,4-linked linear polymers of β-D-mannuronate and α-L-guluronate, containing 
homopolymeric sequences of both types and heteropolymeric regions in which residues occur in 
various arrangements (Sime, 1990). Pure polymannuronic acid, having 1,4-diequatorial linkage 
geometry, adopts a flat ribbon-like two-fold conformation (as in cellulose and chitin), which 
converts in the salt form to a similarly extended three-fold ribbon (Figure 1.1). The 
corresponding x-ray fibre diffraction structure for polyguluronate, by contrast, is a highly buckled 
two-fold zig-zag, irrespective of charge or counterion. Investigation of molecular models of 
polyguluronate in the invariant two-fold structure identified by x-ray shows cavities of the size 
required to accommodate a calcium ion, and with oxygen atoms well placed for cation chelation. 
It has therefore been proposed that the inter-chain junctions in alginate gels involve 
polyguluronate sequences locked in a two-fold conformation, with arrays of site-bound cations 
sandwiched between them like eggs in an egg box (Grant, Morris, Rees, Smith & Thom, 1973).  
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Figure 1.1 Comparison of backbone geometry in (a) alginate poly-D-mannuronate sequences, (b) 
alginate heteropolymeric sequences, (c) alginate poly-L-guluronate sequences and (d) poly-D-
galacturonate from pectin. 
Commercial applications for alginates in foods necessitate the formation of a continuous 
network. It is essential to control the affinity of polyguluronates for Ca2+ by ensuring that the ions 
are introduced in a controlled way that allows intermolecular junctions to form slowly enough. 
Diffusion setting, internal setting, and a third alternative method when setting occurs on cooling 
in the presence of sequestrants are the recommended recipes to prepare alginate gels. Alginate 
setting is used in the production of pimiento strips, onion rings, structured food and fruits, and 
other thin gelled coating applications. It forms heterotypic interactions with low methoxy pectin 
due to the mirror-image conformation of the chains of the two gums (Figure 1.1), which allows 
applications in low pH jellies, jams and fruit-filled gels (Onsøyen, 1992). Thick pastes, instead of 
gels, can be achieved with the sodium or potassium salt and the propylene glycol partial ester of 
the polysaccharide. These are utilized in salad dressings and fruit drinks containing pulp. The 
polymer is one of the materials of interest in this research, as seen in subsequent chapters of the 
Thesis. 
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1.1.5 Chitosan 
Chitosan is obtained from partial alkaline deacetylation of chitin, a linear polymer of β-
1,4 linked N-acetyl-D-glucosamine. Therefore, chitosan is a copolymer of N-acetyl-D-
glucosamine and D-glucosamine, connected by (14) linkage (Figure 1.2). In aqueous solution 
at acidic conditions, the –NH2 groups at the C-2 position of glucosamine are protonated to form 
the NH3+ cations, thereby allowing diffusion of water molecules and subsequent solvation of 
chitosan. Compared to chitin which is highly insoluble in most solvents, chitosan is more 
interesting from a biomaterial point of view due to its solubility in dilute aqueous acid solutions 
(Coma, 2012). 
 
Figure 1.2 Chemical structure of chitosan, acetylated (left) and deacetylated (right) chain units 
(Wandrey et al., 2010). 
Chitosan is only soluble in aqueous acid solution with pH values lower than its pKa value 
(pH 6.5), and acetic acid is a common solvent to dissolve chitosan (Coma, 2012; Riva, Ragelle, 
des Rieux, Duhem, Jérôme & Préat, 2011). Chitosan forms a very viscous solution in acidic 
solvents due to its high molecular weight and linear unbranched structure (Kristl, Šmid-Korbar, 
Štruc, Schara & Rupprecht, 1993). The term “chitosan” does not refer to a single-well defined 
polysaccharide structure and chitosan can differ in molecular weight (MW), degree of 
deacetylation (DD), and sequence (i.e. whether the acetylated residues are distributed along the 
backbone in a random or organized manner) (Yi, Wu, Bentley, Ghodssi, Rubloff, Culver & 
Payne, 2005). There is no specific standard to define the molecular weight of chitosan, but it is 
generally accepted that low MW chitosan corresponds to < 50 kDa, medium MW between 50 and 
150 kDa, with high MW being > 150 kDa (Goy, de Britto & Assis, 2009; Coma, 2012). 
Deacetylation and molecular weight have significant roles on the physicochemical properties of 
chitosan such as viscosity, solubility and swelling index (Stevens, 1996).  
 7 
 
Chitosan has a wide range of applications, for example, it has been used in waste/effluent 
water purification due to its excellent coagulating, flocculating and metal chelating properties 
(Fernandez-Saiz, 2011). Furthermore, work by Muzzarelli (1996) demonstrated chitosan 
capability as an in vitro fat trapper agent due to its ability to bind different types of anions such as 
bile acids or free fatty acids. In pharmaceutical and biomedical fields, chitosan has been used as a 
microencapsulant to control the release of drug and bioactive compounds. In food production, 
chitosan has been utilized to control enzymatic browning in fruits (Vargas, Albors, Chiralt & 
Gonzalez-Martinez, 2006), to clarify/de-acidify fruit juices (Soto-Peralta, Moller & Knorr, 1989), 
to improve the emulsification of mayonnaise (Filar & Wirick, 1978), and as an antioxidant 
moisture proof for meat and fish products (Kamil, Jeon & Shahidi, 2002). Due to its capability of 
forming films and intrinsic antioxidant and anti microbial activities, chitosan is suitable in active 
biopackaging for food applications (Fernandez, Cava, Ocio & Lagaron, 2008). 
 
1.1.6 Starch 
The polysaccharide is generally composed of amylose (linear fraction) and amylopectin 
(highly branched fraction). The content of amylose is usually between 15% and 25%. In addition 
to amylose and amylopectin, starch granules also contain some minor components such as 
proteins, lipids, inorganic substances and non-starch polysaccharides. Amylose molecules have a 
tendency to orient themselves in parallel fashion and approach each other closely enough to allow 
hydrogen bonding between adjacent chains. This leads to a reduction in the affinity of the 
polymer for water, thus, the solution becomes opaque. Amylopectin does not possess good 
mobility in solution because of its large size and branched nature. These characteristics eliminate 
the possibility of significant levels of interchain hydrogen bonding (Liu, 2005).  
The association between amylose and amylopectin by intermolecular hydrogen bonds 
influences the structure of starch granule. The presence of α-(1→6)-D bonds in amylopectin is 
responsible for the alternation between amorphous and crystalline zones in granules (Imberty, 
Buléon, Tran & Pérez, 1991). When the hydrogen bonds are strong, numerous, and regular, the 
chains associate as crystalline networks. On the contrary, in the amorphous regions, hydrogen 
bonding is weaker, and this area of the granule with predominant α-(1→6)-linkages is easily 
distinguishable from the crystalline regions. 
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Native starches are not favorable for food application due to many shortcomings such as 
insolubility in cold water, loss of viscosity and thickening power after cooking. In order to 
overcome these shortcomings, starches can be either chemically or physically modified. The most 
common chemical modification processes are acid treatment, cross-linking, oxidation, and 
substitution, including esterification and etherification. Cross-linked starches can be used to 
provide stable viscosity at low pH and high shear during homogenization process, for example, in 
soups, salad dressings and sauces. Esterified starches (alkenylsuccinates) are suitable for 
stabilization of flavors in non-alcoholic beverages. Cold water soluble, low viscosity 
octenylsuccinate derivatives are used as gum arabic replacers in the stabilization of carbonated 
beverages due to their superior emulsion stabilizing properties. Etherified starches 
(hydroxypropyl) are commonly utilized in fruit pie fillings, sauces and salad dressings to provide 
viscosity stability and freeze-thaw stability (Xie, Liu & Cui, 2005). 
 
1.1.7 Proteins 
Proteins are hydrocolloids consisting of 19 different α-amino acids and one imino acid 
linked via amide bonds, also known as peptide bonds (Damodaran, 1997). The chemical nature of 
the side-chain group influences the physicochemical properties including electric charge, 
solubility, and chemical reactivity of the amino acids (hence proteins). Aliphatic (Ala, Ile, Leu, 
Met, Pro and Val) and aromatic (Phe, Trp and Tyr) side-chains are nonpolar, thus exhibiting 
limited solubility in water. Charged (Arg, Lys, His, Glu and Asp) and uncharged (Ser, Thr, Asn, 
Gln and Cys) side-chains are quite soluble in water. Proline (and hydroxylproline) is the only 
imino acid present in proteins. 
The functional properties of proteins are influenced by factors such as pH, temperature, 
ionic environment and interaction with other food constituents (carbohydrates, lipids, sugars and 
salts). Table 1.1 reproduces the structure-function relationship of various proteins in food 
systems. Protein functional properties such as thickening, foaming, emulsification and gelation 
are affected by protein solubility. Solubility in an aqueous system is dependent on pH and most 
proteins have minimum solubility at the isoelectric point (pI). Proteins with a strong net negative 
or positive charge tend to bind more water and are more soluble than if the net charge is minimal 
(at isoelectric point), where enhanced molecule-molecule interactions result in minimal 
interaction with water (Damodaran, 2008). However, some proteins such as whey protein are 
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highly soluble at their isoelectric point (pI = 4.8-5.2) due to the exposed surfaces of these 
globules containing a high ratio of hydrophilic to hydrophobic groups (Damodaran, 1997). 
Table 1.1 Functional roles of proteins in food systems (Kinsella Damodaran & German, 1985). 
Function Mechanism Food Protein type 
Cohesion-
adhesion 
Hydrophobic, ionic, 
hydrogen bonding 
Meats, sausages, pasta, 
baked goods 
Muscle, egg, 
and whey 
protein 
Elasticity Hydrophobic bonding, 
disulphide cross-links 
Meats, bakery Muscle and 
cereal proteins 
Emulsification Adsorption and film 
formation at interfaces 
Sausages, bologna, 
soup, cakes, dressings 
Muscle, egg and 
milk proteins 
Fat and flavor 
binding 
Hydrophobic bonding, 
entrapment 
Low-fat bakery 
products, doughnuts 
Milk, egg and 
cereal proteins 
Foaming Interfacial adsorption and 
film formation 
Whipped toppings, ice 
cream, cakes, desserts 
Egg and milk 
proteins 
Gelation Water entrapment and 
immobilization, network 
formation 
Meats, gels, cakes, 
bakeries, cheese 
Muscle, egg and 
milk proteins 
Solubility Hydrophilicity Beverages Whey protein 
Viscosity Water binding, 
hydrodynamic size and 
shape 
Soups, gravies, salad 
dressings, desserts 
Gelatin 
Water binding Hydrogen bonding, ionic 
hydration 
Meat sausages, cakes, 
breads 
Muscle and egg 
proteins 
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As the concentration is raised, the viscosity of protein solutions increases due to the 
enhanced interactions between the various hydrated macromolecules. The viscosity is also 
influenced by protein’s ability to absorb water and swell. Partial denaturation and/or heat-induced 
polymerization increase the viscosity of protein solutions and gels. The ability to bind flavor is 
related to the interaction of small molecular weight flavorings with hydrophobic pockets or 
crevices on the surface of protein (Damodaran & Kinsella, 1981). Proteins can modify the flavor 
profile of food by selectively binding some flavorings more tightly than the others. For instance, 
whey protein in yoghurts may alter the flavor profile of preparations because β-lactoglobulin 
binds strongly some of the flavor compounds in these dairy products.  
 
1.1.8 Whey protein 
Traditionally the term ‘whey protein’ has described those milk proteins remaining in the 
serum after precipitation of the caseins at pH 4.6 and about 20°C. The major families of proteins 
included in this class are the β-lactoglobulins, α-lactalbumins, serum albumins and 
immunoglobulins (Fitzsimons, Mulvihill & Morris, 2007). Classification of the protein fractions 
is based on the primary sequence of amino acids in their polypeptide chains, although gel 
electrophoresis is used routinely for rapid identification of the individual bands of each 
component. The immunoglobulins, due to their microheterogeneity, are characterized by their 
antigenic determinants in accordance with FAO/WHO guidelines (FAO/WHO, 2001a). The 
primary amino acid sequence of β-lactoglobulin B consists of 162 amino acid residues with a 
molecular weight of 18,277, with the corresponding primary structure characteristics of the major 
α-lactalbumin being 123 and 14,174, respectively. 
Besides the primary structure, steric effects, secondary binding forces (electrostatic, 
hydrogen and hydrophobic), and disulfide bridges are responsible for the size, shape and 
configuration of the protein molecule. These molecular associations are influenced by the 
environment of the protein molecule including temperature, pH, shear and composition (e.g., 
presence of calcium ions) of the dispersing medium. In the pH range from 5.2 to 7.5, β-
lactoglobulins exist primarily as dimers, which consist of two spheres with radii of 17.9 Å and a 
distance from centre to centre of 33.5 Å joined as to possess a dyad axis of symmetry. On the 
acid side of the isoelectric point, especially below pH 3.5, the dimer dissociates into monomers, 
with the extent of dissociation increasing as the pH is lowered (O’Neill & Kinsella, 1987). α-
lactalbumin, on the other hand, exists primarily in neutral and alkaline media as a near spherical, 
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compact globular monomer of about 2.2 x 4.4 x 5.7 nm. At pH values below the isoelectric point, 
α-lactalbumin associates to form dimers and trimers, which lead to a polymeric network 
formation. 
There is only a small amount of β-lactoglobulins and α-lactalbumins in whey (about 
0.6%), which is a sidestream product of cheese or casein manufacture. Upon concentration, whey 
powder is produced with an approximate composition of 76% lactose, 13% protein, 10% ash and 
1% fat. To make a 35 or 50% whey protein concentrate (WPC), the dilute solution of whey is 
concentrated by ultrafiltration (UF) that physically separates the whey protein and fat from the 
lactose and minerals. Spray drying concentrates the whey protein solution from about 35 to 95% 
total solids, and control of the dryer and atomization of the liquid allows low-temperature drying 
to maintain product solubility (Thomas, Scher, Desobry-Banon & Desobry, 2004). The 
manufacture of 80% WPC or whey protein isolate (WPI) is essentially the same as for 35 and 
50% WPC products but it includes microfiltration or ion exchange step to further concentrate the 
system from about 60 to 80% protein. This enhances the whey protein purity and ingredient 
functionality as well as controlling the final composition. Whey protein is the second polymer of 
interest in the research work of this PhD Thesis.  
 
1.1.9  Hydrocolloid mixtures  
Upon mixing hydrocolloids in food preparations, two possible interactions may take 
place, i.e. associative and segregative (McClements, 2005; 2009). An associative interaction 
occurs in a limited number of systems and can be characterized by the formation of ordered 
heterotypic junctions analogous to the homotypic junction zones in single-component 
polysaccharide gels. Gels produced from this type of network formation are often called 
‘synergistic gels’. Example of this system is the gel formed by locust bean gum, konjac 
glucomannan and related (1→4)-diequatorially linked plant polysaccharides in combination with 
xanthan. However, an electrostatic attraction between polyanions (e.g. negatively charged 
polysaccharides) and polycations (e.g. proteins below their isoelectric point) is the more general 
type of associative interaction (Morris, 2009; Turgeon, Schmitt & Sanchez, 2007).  
In comparison to associative interactions, segregative interactions are more common and 
occur in almost all hydrocolloid mixtures where there is no over-riding drive to heterotypic 
binding. Here, the individual molecules prefer to be surrounded by molecules of the same type. 
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This characteristic is often called ‘thermodynamic incompatibility’ (Syrbe, Fernandes, 
Dannenberg, Bauer & Klostermeyer, 1995), which can be attributed to the differences in polarity, 
the specific structure and compositional features of hydrocolloids, and their molecular weight and 
conformation (Schorsch, Jones & Norton, 1999; Zeman & Patterson, 1972). Phase separation in 
solution can usually be detected by immediate development of turbidity on mixing, due to 
formation of a ‘water-in-water emulsion’ in which one phase exists as a continuous matrix with 
the other being dispersed through it as small liquid droplets (Grinberg & Tolstoguzov, 1972, 
1997; Polyakov, Grinberg & Tolstoguzov, 1997). Kasapis (2008) emphasized that the specific 
pattern of classic phase-separation in solution leading to thermodynamic equilibrium between 
two polymer phases is not carried over to the gel state upon subsequent cooling because the 
formation of a composite gel is accomplished by disorder-to-order transitions and possible 
aggregation of polymeric segments of the two constituents. 
In general, if the hydrocolloid interactions are repulsive, phase separation occurs above 
certain polymer concentration and the two systems will largely accumulate in two separate phases 
(segregative type of phase separation in Zeman & Patterson, 1972). However, if they are 
attractive in type, the two systems will remain in the same phase (associative type of phase 
separation in Piculell & Lindman, 1992). Many binary mixtures phase separate into two liquid 
layers when the total polymer concentration exceeds 4%, depending on pH and ionic strength 
(Alves, Antonov & Goncalves, 2000; Zhang & Foegeding, 2003; Antonov, Yu & Goncalves, 
1999). Limited compatibility between proteins and ionic polysaccharide is observed when the pH 
value is higher than the isoionic point of the protein or, regardless of pH, the ionic strength is 
greater than 0.25 (Antonov, Grinberg & Tolstoguzov, 1977). 
 
1.1.10 Detailed account of protein – polysaccharide interactions 
Proteins and polysaccharides are widely utilized in the food, pharmaceutical and 
biomedical industries due to their many functional properties. In food products, proteins and 
polysaccharides can determine the stability, texture and in-mouth perception of numerous 
preparations. When protein-polysaccharide electrostatic interactions leading to associate 
formations dominate in mixture, the following structures can be created (Turgeon & Laneuville, 
2009):  
• Coacervates (liquid in nature) 
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• Complexes (either soluble or insoluble, the latter are also known as interpolymeric 
complexes or co-precipitates) 
• Gels (networks stabilised by electrostatic interactions). 
Figure 1.3a illustrates the coacervate structure of β-lactoglobulin (β-lg) and an 
exopolysaccharide (EPS) produced by Lactobacillus rhamnosus RW-9595M (van Calsteren, Pau-
Roblot, Bégin & Roy, 2002). Interpolymeric complexes, as shown in Figure 1.3b, were obtained 
by mixing β-lg and Fucoidan, an algal anionic polysaccharide (Rioux, Turgeon & Beaulieu, 
2007). Further, an electrostatic gel was obtained by mixing bovine serum albumin (BSA) and 
xanthan gum (Figure 1.3c). The depiction clearly shows the structural differences with 
coacervates separating as droplets, interpolymeric complexes separating as fractal aggregates and 
the gel consisting of an interconnected network of complexes (Turgeon & Laneuville, 2009). 
 
Figure 1.3 Phase contrast micrographs of protein-polysaccharide structures interacting under 
associative phase separation conditions (Turgeon & Laneuville, 2009). 
To make a contrast, protein-polysaccharide segregative interactions are illustrated next in 
Figure 1.4, which shows the phase diagram of a mixture of milk proteins and high molecular 
weight β-glucan (106 Da). This is an example of thermodynamic instability between protein and 
polysaccharide. The tie line connecting the binodal points corresponds to the composition of 
protein and polysaccharide in each phase after demixing as well as the initial composition of the 
mixture located in between. The phase diagram shows that there is very little space below the 
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binodal curve, and mixtures with polymer concentrations below the binodal will not phase 
separate whereas those with concentrations higher than the binodal will be in a state of 
thermodynamic instability. The latter leads to the formation of a colloidal structure as illustrated 
in Figure 1.4. Phase morphology in the mixture mainly depends on the initial volume fraction of 
protein and polysaccharide. The formation of droplet-like structures occurs when the volume 
fraction of one phase is higher than the other (similar to those found in oil-in-water emulsions). 
On the other hand, bicontinuous structures are formed when the volume fractions of both phases 
are similar to each other leading to rapid development of two liquid layers (Corredig, Sharafbafi 
& Kristo, 2011). 
 
Figure 1.4 Phase diagram for a mixture of milk proteins with high molecular weight β-glucan. 
Initial mixtures (◊); stable initial mixture (●), upper phase ( ), lower phase ( ), binodal curve 
(─), and tie line (…). Confocal scanning laser microscopy images of selected mixtures taken 
using rhodamine B and calcofluor stains. Scale bar is 50 μm (Corredig et al., 2011). 
The phase behavior of mixtures of polysaccharides and milk proteins has been examined 
in detail. In the work by Katopo, Kasapis & Hemar (2012), the effect of changing thermal 
treatment and pH on the structural properties of agarose/whey protein systems was investigated. 
Authors reported that the experimental protocol encourages formation of a range of two-phase 
materials from continuous agarose matrices perforated by liquid-like whey protein inclusions, in 
∆ ∇
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cooled only systems, to phase inverted systems where a soft protein matrix, in thermally treated 
preparations, suspends hard agarose-filler particles upon subsequent cooling. Results argue for 
classic phase separation in solution, which transforms to a kinetically controlled “equilibrium” 
between the two phases in the gel state (Kasapis, 2008). Distinct dependence of water holding 
patterns between agarose and whey protein phases was predicted as a function of changing pH in 
mixtures. 
Most of the complexes between casein and polysaccharide are formed close or below the 
isoelectric point (pI) of the protein (Corredig et al., 2011). However, κ-carrageenan forms 
specific association with casein micelles at neutral pH. This unique behavior is utilized in dairy 
systems, as it prevents macroscopic phase separation and destabilization of mixtures occurring 
when non-interacting polysaccharides such as guar gum, locust bean gum or flaxseed gum are 
used (Chappellaz, Alexander & Corredig, 2010; Thaiudom & Goff, 2003). Below gelling 
concentration (< 0.03%), κ-carrageenan adsorbs on the surface of the casein micelles and helix-
helix associations between the polysaccharide chains allow molecules to bridge with each other 
(Schorsch, Jones & Norton, 2000). This leads to the formation of a weak three dimensional 
network, which is very important for structure stabilization (Bourriot, Garnier & Doublier, 1999). 
Charge interactions between pectin and acidified casein particles at low pH are also used to 
stabilize acid milk beverages. Pectins with a high degree of esterification can stabilize milk at pH 
> 4.0, while those with low degree of esterification are less effective in stabilizing protein 
particles (Liu et al., 2006). The stabilization of acid casein particles is attributed to the adsorption 
of the pectin onto these particles as well as the formation of three dimensional networks of 
casein/pectin complexes (Laurent & Bouelenguer, 2003; Tromp, de Kruif, van Eijk & Rolin, 
2004). 
Studies involving mixtures of milk proteins with starch have been carried out. Mixtures of 
potato starch, which shows anionic character due to the phosphate ester groups of amylopectin, 
and milk proteins are common examples of associative interactions (Grega, Najgebauer, Sady, 
Baczkowicz, Tomasik & Faryna, 2003). However, the majority of studies seem to agree that the 
properties of milk protein and non-ionic starches are a consequence of segregative interactions 
between the components (Matser & Steeneken, 1997; de Bont, van Kempen & Vreeker, 2002; 
Corredig et al., 2011; Considine, Noisuwan, Hemar, Wilkinson, Bronlund & Kasapis, 2011; 
Yang, Liu, Ashton, Gorczyca & Kasapis, 2013). Phase separation of milk protein and 
amylopectin occurs at relatively high concentrations of amylopectin compared to other systems, 
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e.g. casein-guar gum or casein-locust bean gum requiring 5% casein and 0.02% or 0.04% of the 
non-starchy polysaccharide, respectively. Amylose and amylopectin, which leach from disrupted 
starch granules during pasting at elevated temperatures, cause phase separation in milk proteins, 
and the source of starch influences the rheological properties of these composite systems 
(Noisuwan, Hemar, Wilkinson & Bronlund, 2009). Addition of modified starch (cross-linked 
waxy maize starch) in skim milk results in higher final storage modulus compared to a system 
with water at the same levels of starch, indicating that the milk components influence the storage 
modulus of the binary mixture (Matser & Steeneken, 1997). 
In detail, Vu Dang, Loisel, Desrumaux and Doublier (2009) reported that the flow 
behavior of mixtures of whey protein isolate and cross linked waxy maize starch was different 
from starch dispersions. The viscoelastic behavior of the mixture changed from a solid-like to a 
liquid-like when the whey protein concentration is increased. The authors also reported that the 
whey protein continuous phase was heterogeneous and contained large protein aggregates near 
the starch granules, which could explain both the rheological behavior and the grainy texture of 
food products containing whey protein and waxy maize starch. Similar phase morphology is also 
observed in the recent work of whey protein-wheat starch mixtures where whey protein forms the 
continuous phase with wheat starch being the discontinuous filler (Yang et al., 2013). Extension 
of the aforementioned physicochemical studies into biochemistry, demonstrates reduction in the 
in-vitro digestion of wheat starch by α-amylase in the presence of a protecting whey protein 
matrix. 
 
1.1.11 Interactions in mixtures containing polysaccharides and co-solutes 
Several studies investigated the structural properties of κ-carrageenan, agarose and 
deacylated gellan with increasing levels of co-solute (Kasapis, Mitchell, Abeysekera & 
MacNaughtan, 2004; Almrhag, George, Bannikova, Katopo & Kasapis, 2012). Addition of co-
solute such as sucrose, fructose, glucose or glucose syrup up to 40% produced structures that are 
stronger and more thermally stable, as shown in Figure 1.5 (Kasapis, Al-Marhoobi, Deszczynski, 
Mitchell & Abeysekera, 2003). At intermediate levels of co-solute (40-70%), there was a drop in 
the value of storage modulus in the polysaccharide mixture (storage modulus is a measure of the 
solid-like nature of material). However, the gelatin/co-solute system exhibited network 
strengthening. This drop in modulus values was accompanied by a decline in the enthalpy of the 
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coil-to-helix transition, whereas the transition enthalpy was more pronounced in the gelatin 
mixture (Koh, Jiang, Kasapis & Foo, 2011). Results from electron microscopy showed 
polysaccharides disaggregating and dissolving in the saturated sugar environment. On the other 
hand, gelatin was shown in an aggregated form producing a phase-separated structure with sugar. 
An increasingly vitrified system is obtained when the sugar concentration is above 70% in 
preparations. As illustrated in Figure 1.5, the gap observed in the development of structure 
between gelling polysaccharides and gelatin at intermediate levels of sugar is bridged within the 
high-modulus glassy state.  
 
Figure 1.5 Variation of normalized shear modulus (frequency of 100 rad/s) as a function of sugar 
concentration for agarose/sugar, κ-carrageenan/sugar, deacylated gellan/sugar and gelatin/sugar 
mixtures, and single sugar preparations (Kasapis et al., 2003). 
Introduction of polydextrose, as a sugar replacing co-solute, to polysaccharide systems 
(e.g. agarose or deacylated gellan) prevents full helix development, with systems appearing to be 
amorphous at a high solids content (> 70%). However, high methoxy pectin exhibits a double 
structuring functionality in the presence of polydextrose, which is due to its double mode of 
gelation including a hydrophobic structure at high temperatures and hydrophilic interactions at 
sub-ambient temperature. Polydextrose addition results in the formation of rubbery pectin gels at 
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ambient temperature, which upon controlled cooling to subzero temperatures converts rapidly to 
a clear glass (Almrhag et al., 2012).  
 
1.1.12 Interactions in protein-based systems with co-solute  
Co-solutes such as sugars and polyols can influence the functional characteristics of 
globular proteins, for instance, water solubility leading to protein stabilization and subsequent 
gelation or emulsification. The effect of co-solutes on water solubility is quite complex and 
depends on protein type, co-solute type or concentration, pH and temperature. In several studies, 
glycols and sugars increased the water solubility of a variety of globular proteins near their 
isoelectric point (Antipova & Semenova, 1997a, 1997b; Conti, Galassi, Bossi & Righetti, 1997). 
However, a study by Antipova, Semenova & Belyakova (1999) found that sucrose decreased the 
water solubility of globular proteins (ovalbumin) at pH values away from the isoelectric point.  
Co-solutes are often added in solutions of globular proteins to stabilize them against 
unfolding or aggregation induced by temperature, mechanical stress or dehydration treatments 
(McClements, 2002). For example, sugars are used to increase the stability of globular proteins 
during drying processes that involve heating such as spray drying and air drying (Allison, 
Randolph, Manning, Middleton, Davis & Carpenter, 1998; Allison, Chang, Randolph & 
Carpenter 1999; Murray & Liang, 1999, 2000). Several studies reported that reducing sugars 
(ribose, xylose and mannose) contribute to increasing the strength of whey protein gels due to 
their ability to react with amine groups on proteins via the Maillard reaction. This leads to 
extensive cross-linking of the proteins and network formation (Hill, Mitchell & Armstrong, 1992; 
Rich & Foegeding, 2000). Addition of sucrose also alters the temperature at which the globular 
proteins unfold. Thus, Baier and McClements (2001) showed that addition of sucrose on bovine 
serum albumin (BSA) solutions increased the protein denaturation temperature.  
Globular proteins are widely used as emulsifiers in oil-in-water emulsions because they 
can absorb to oil-water interface and as a result protect oil droplets against aggregation. The 
presence of sucrose in whey protein isolate emulsions allows them to be heated at higher 
temperatures before the protein molecules unfold. Furthermore, once the protein molecules 
unfold they have greater tendency to aggregate, which leads to an increase in droplet flocculation 
(Kulmyrzaev, Bryant & McClements, 2000; McClements, 2002).  
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1.2 Probiotics  
“Probiotics” were first conceptualized at the start of the 20th century by Elie 
Metchnikoff’s discovery of the immunological benefit of lactic acid bacteria in fermented milk. 
Today, Bifidobacteria and Lactic acid bacteria are among the most important and widely 
consumed probiotics (Table 1.2), but the yeast Saccharomyces cerevisiae can also be used as a 
probiotic. As stated by Fuller (1989), probiotics are “live microbial feed supplements which 
beneficially affect the host animal or human by improving its intestinal microbial balance”. 
Similarly, FAO/WHO (2001b) stated that probiotics are “live microorganisms which when 
administered in adequate amounts confer a health benefit on the host”.  
Table 1.2 Microorganisms considered as probiotics (adapted from Holzapfel, Haberer, Geisen, 
Bjorkroth & Schilinger, 2001). 
Lactobacillus 
species 
Bifidobacterium 
species 
Other lactic acid bacteria Non-lactic acid bacteria 
L. acidophilus B. adolescentis Enterococcus faecalis* Bacillus cereus var. toyoi* 
L. amylovorus B. animalis/B. 
lactis 
Enterococcus faecium Escherichia coli strain 
nissle 
L. casei  B. bifidum Lactococcus lactis Saccharomyces boulardii 
L. rhamnosus B. breve Leuconostoc mesenteroids Saccharomyces cerevisiae 
L. paracasei B. infantis Pediococcus acidilactici* Propionibacterium 
freudenreichii* 
L. plantarum B. longum Sporolactobacillus 
inulinus* 
 
L. reuteri  Streptococcus 
thermophilus 
 
L. delbrueckii 
subsp. bulgaricus 
   
* Main application for animal 
Fuller (1989) suggested the features of good probiotics are as follows: 1) non-pathogenic 
and non-toxic; 2) able to provide beneficial effects on the host; 3) able to survive and grow in the 
host intestinal environment; 4) can maintain stability and survivability during storage; and 5) able 
to be present as viable cell in large numbers. In order to survive in the human gastrointestinal 
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(GI) tract, the microorganism must be able to adhere onto the surface of epithelial cells in the 
intestinal wall, and sometimes, to localize and multiply (van der Aa Kühle, Skovgaard & 
Jespersen, 2005).  
According to the international standards (i.e. International Dairy Federation), probiotic 
products, in order to provide 106-8 cells/g feces, must contain a minimum of 107 viable probiotics 
bacteria per gram of product or 109 cells per serving size when sold (Manojlović, Nedovic & 
Kailasapathy, 2010). The microorganism must also have the ability to survive in the stomach of 
human and animals, where the acid condition is high with pH values of 2-3 and in the presence of 
digestive enzymes such as amylase, protease and lysozyme. In addition, the probiotic strains must 
be able to survive and develop in an environment with bile salt concentrations of ≥ 2% of the 
digestive juices (Czerucka, Piche & Rampal, 2007). Microencapsulation, therefore, is 
recommended for increasing the survival of probiotic bacteria throughout the passage in human 
gastrointestinal (GI) tract (Graff, Hussain, Chaumeil & Charrueau, 2008).  
 
1.2.1 Lactobacillus  
Lactobacilli, with more than 125 species identified, are available widespread in nature 
(human and animal digestive systems). Lactobacilli are a group of Gram-positive, nonspore-
forming rods that commonly produce lactic acid. This type of bacteria are strictly fermentative, 
aerotolerant or anaerobic, aciduric or acidophilic and having complex nutritional requirements 
(Kandler & Weiss, 1986). They are usually present as rod-shape microorganisms although they 
can also be in circular-shape, thus, they are sometimes referred to as coccobacilli (Otieno, 2011). 
As natural inhabitants of the gastrointestinal tract and the genitourinary tract of humans and 
animals, they play an important role in the maintenance and recovery of a healthy physiological 
state (Reid, 1999; Vaughan, Heilig, Ben-Amor & de Vos, 2005).  
Some species are commonly used as starters and adjunct cultures in food and feed 
fermentations, i.e. dairy products (yoghurt and cheese), fermented vegetables (olives and 
pickles), fermented meats (salami and sausages), sourdough bread and other cereal-based food 
products (Lee, 2009). Lactobacilli species that are widely used are Lactobacillus acidophilus, 
Lactobacillus brevis, Lactobacillus bulgaricus, Lactobacillus casei, Lactobacillus cellobiosus, 
Lactobacillus crispatus, Lactobacillus curvatus, Lactobacillus fermentum, Lactobacillus GG 
(Lactobacillus rhamnosus or Lactobacillus casei subspecies rhamnosus), Lactobacillus gasseri, 
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Lactobacillus johnsonii, Lactobacillus plantarum, and Lactobacillus salivarus (Otieno, 2011). In 
non-traditional probiotic food applications, the L. acidophilus group of organisms is less robust 
than other Lactobacillus species even though they are resistant to low pH (Bergamini, Hynes, 
Quiberoni, Suarez & Salazar, 2005; Gokavi, Zhang, Huang, Zhao & Guo, 2005; Henan, Adams, 
Hosken & Fleet, 2004). A study by Lee et al. (2011) showed that some lactobacillus strains have 
antimicrobial activity against a number of food-borne pathogens and are capable in lowering 
cholesterol. 
 
1.2.2 Bifidobacterium 
These microorganisms were originally included in the family of Lactobacillaceae but 
reclassified in the new genus of Bifidobacterium in 1924, as proposed by Orla-Jensen (Scardovi, 
1986). They can be present in various shapes, such as short, curved rods, club-shaped rods and 
bifurcated Y-shaped rods. They are gram-positive, non-spore forming, strictly anaerobic systems, 
and grow at pH 4.5–8.5. Generally, they are found in the large intestine of humans, however, they 
also occur in animal habitats and in particular they have been isolated from feces, rumen of cattle, 
sewage, and the honey-bee intestine. Newborns, especially those that are breast-fed, are 
colonized with bifidobacteria within days after birth. It is estimated that over 400 species of 
bacteria inhabit the human gastrointestinal tract and Bifidobacterium spp. belongs to the 
dominant anaerobic flora of the colon. Bifidobacterium produces acid but no gas from a variety 
of carbohydrates (Oy, 2005; Otieno, 2011). Species of bifidobacteria currently being used as 
probiotics include Bifidobacterium adolescentis, Bifidobacterium bifidum, Bifidobacterium 
animalis, Bifidobacterium thermophilum, Bifidobacterium breve, Bifidobacterium longum, 
Bifidobacterium infantis, and Bifidobacterium lactis (Otieno, 2011).   
Growth of bifidobacteria in the colon can be stimulated with prebiotic substances such as 
lactulose, lactitol, xylitol, inulin and certain non-digestible oligosaccharides (Zubillaga, Weill, 
Postaire, Goldman, Caro & Boccio, 2001). Other than milk and yoghurt, bifidobacterial products 
are also available in the form of tablets (freeze-dried), which contain viable cells of 
Bifidobacterium sp. alone or in combination with other organisms. The products are utilized for 
the therapic effect on gastrointestinal disorders, side effects of antibiotic or radiation therapy and 
chronic constipation (Arunachalam, 1999). 
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1.2.3 Saccharomyces boulardii as probiotic yeast 
Saccharomyces boulardii, known as the only probiotic yeast, was first isolated from 
lychee fruit in Indochina and reported in the literature in 1920 by a French biologist Henri 
Boulard. Since 1980s, a series of studies on S. boulardii have been conducted to determine the 
benefits and mechanism of activity of this microorganism. These studies utilized advanced 
analytical techniques, such as electrophoresis and PCR, to find the origin of S. boulardii 
(McFarland and Bernasconig, 1993; McCullough, Clemons, McCusker & Stevens, 1998; 
Mitterdorfer, Mayer, Kneifel & Viernstein, 2002; Hennequin, Thierry, Richard, Lecointre, 
Nguyen, Gaillardin & Dujon, 2001). Results indicate that S. boulardii belongs to the same family 
as Saccharomyces cerevisiae; however, this yeast differs in terms of some genetic, metabolic and 
physiological characteristics. The optimal temperature for the growth and metabolism of S. 
cerevisiae is at 30°C, while that of S. boulardii is at 37°C (Czerucka et al., 2007). Furthermore, S. 
boulardii is able to tolerate the lower pH condition of human stomach and the effect of bile salts 
in man and animal intestines (Fietto et al, 2004; van der Aa Kühle et al, 2005). In Table 1.3, the 
tolerance to low pH and bile salts in addition to the adhesion capacity of some strains of S. 
boulardii are summerized based on earlier work. 
Several studies found that S. boulardii is a facultative anaerobic yeast species which can 
grow in both aerobic and anaerobic conditions. S. boulardii can metabolize monosaccharide, 
polysaccharide, oligosaccharide, ethanol, acetate, glycerol, pyruvate and lactate for growth. In the 
metabolism of carbohydrates, S. boulardii produces a small amount of lactic acid and alcohol. 
The growth and development of S. boulardii rely mainly on the presence of galactose and 
glucose, as the yeast does not assimilate or ferment lactose. As a heterotrophic microorganism, S. 
boulardii uses energy from glucose through the glycolytic pathway. In addition to having no 
proteolytic or lipolytic activity, this yeast is also unable to utilize organic acid such as citric and 
succinic acids even though it exhibits good growth in a lactic acid environment (Lourens-
Hattingh & Viljoen, 2001; Kreger-van Rij, 1984; Vaughan-Martini & Martini, 1998).  
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Table 1.3 pH and bile salts tolerances and adhesion capacity of S. boulardii (adapted from van 
der Aa Kühle et al, 2005). 
Yeast strain Growth Adhesion 
pH 2.5 0.3% Oxgall 
S. boulardii from pharmaceutical products 
7103 - + 5.4 ± 3.5 
7135 - + 4.5 ± 2.9 
7136 - + 4.5 ± 2.4 
259 - + 16.2 ± 2.8 
Other strains of S. boulardii 
S. boulardii A - + 1.1 0.3 
S. boulardii L - + 1.9 ± 0.5 
S. boulardii P - + 1.9 ± 0.3 
LSB - + 28.0 ± 5.9 
In contrast to other yeasts, S. boulardii does not have the capability to sporulate and make 
ascospores. It reproduces asexually itself by the so-called budding mode (McCullough et al, 
1998; McFarland & Benasconig, 1993). With this asexual reproduction, new buds develop from 
the mother cells, which leave scars on its surface. Thus when the buds reach the size of mature 
cells, they are separated from the mother yeast cells to increase population numbers. Typical 
micrographs of S. boulardii cells observed using scanning electron microscope are shown in 
Figure 1.6. 
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Figure 1.6 Micrograph of S. boulardii (round shape) (Czerucka et al, 2007). 
Work by Qamar, Aboudola, Warny, Michetti, Pothoulakis, Lamont and Kelly (2001) 
demonstrated that S. boulardii is effective in helping the intestinal immune system to produce 
antibodies against the toxins produced by pathogenic bacteria. According to the results, S. 
boulardii produced large amounts of IgA, an antibody that plays an important role in the 
intestinal mucosal immunity. Further, S. boulardii is yeast rather than bacteria and therefore is 
not affected by antibiotics and sulfamide. It is considered as an effective means for the prevention 
and treatment of diarrhea, due to the imbalance of the intestinal microflora in patients with long-
term antibiotic treatment, whereas many other probiotics do not have this ability (Qamar et al, 
2001).  
S. boulardii, mainly in lyophilized form, has been used in the treatment of antibiotic-
associated diarrhea since 1962. McFarland and Benasconig (1993) further confirmed that it was 
effective in the therapy of diarrhea and safe for oral ingestion. Study by Czerucka et al. (2007) 
shown that S. boulardii was capable in reducing the population of pathogenic organisms such as 
Clostridium difficile, Candida albicans, Vibrio cholerae and Escherichia coli. The clinical 
efficacy of S. boulardii is summarized in Table 1.4, and this yeast is the probiotic of interest in 
the research work of this PhD Thesis.  
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Table 1.4 Summary of clinical effectiveness of S. boulardii (adapted from McFarland & 
Benasconig, 1993). 
Objective Efficacy of S. 
boulardii (%) 
Adverse 
reactions 
Reference 
Prevention of antibiotic 
associated diarrhea 
56.7-56.9 None Surawicz, Elmer, Speelman, 
MacFarland, Chinn & van 
Belle, 1989; McFarland & 
Benasconig, 1993. 
Treatment of C. difficile 46.5 None Surawicz et al, 2000. 
Treatment of acute diarrhea 75 None Höchter Chase & Hagenhoff, 
1990. 
Treatment of chronic 
diarrhea in HIV patents 
52.8 None Saint-Marc, Rosello-Prats & 
Touraine, 1991. 
 
1.3 Encapsulation  
1.3.1 Significance of this methodology  
To better meet the expectations of today's consumers, the food industry is required to add 
functional ingredients and/or bioactives to formulations for flavor and health effects beyond basic 
nutrition (Augustin & Sanguansri, 2004). These demands are accomplished by the potential 
encapsulation and controlled release of desired bioactive components. The technology of 
encapsulation was originally introduced in the area of biotechnology and then applied to the food 
industry for more than 60 years (Desai & Park, 2005). The very first encapsulation principle 
aimed to transport a therapeutic agent selectively to the intended site of action in order to 
optimize the biological response and to control the rate of release of a therapeutic agent under 
desired conditions (Manojlović et al., 2010).  
Recently, encapsulation is used as an innovation tool to immobilize cells or enzymes in 
food processing applications (Levi et al., 2011). In dairy applications, where products can be 
considered as physiological foods and precursors for several bioactive substances, encapsulation 
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applies for (1) protecting probiotic activity against adverse conditions in food and also during the 
gastrointestinal tract transit (Picot & Lacroix, 2004), (2) developing optimum cocktails of 
probiotics and prebiotics in a single formulation called “symbiotic” and (3) co-entrapping 
prebiotics within a combination of probiotics and non-digestible prebiotics (e.g. lactulose, 
lactitol, xylitol, inulin and certain non-digestive oligosaccharides) thus promoting the probiotic 
growth and attachment in the intestine (Manojlović et al., 2010; Kailasapathy, 2006). Such 
combinations provide two sets of ingredients that interact to enhance the functionality of the 
probiotic culture itself (Champagne & Fustier, 2007). This symbiotic approach raises the 
possibility of using encapsulation technology to deliver multiple bioactive ingredients as 
described here.    
 
1.3.2 Background in the use of encapsulation 
Nutraceuticals and functional food components including vitamins, probiotics, prebiotics, 
flavors, colors, bioactive peptides and antioxidants, possess a wide range of different molecular 
forms, e.g., molecular weight, polarity, conformation and electrical charge. These differences, in 
turn, lead to various physicochemical characteristics, for example, solubility, chemical stability 
and physical state. Each nutraceutical or functional food component requires different delivery 
systems to address its specific physicochemical properties. Solutions, association colloids, 
emulsions, suspensions, gels and solid matrices are examples of various types of delivery 
systems, which have been developed to encapsulate functional food components (McClements, 
Decker, Park & Weiss, 2009). 
Encapsulation constitutes a competitive tool to create new properties for common foods 
and provide barriers between sensitive bioactive materials and the environment, with the 
following benefits: (1) preserving the stability of the bioactive compound from degradation by 
reducing its reactivity to outside environment (e.g., heat, moisture, air and light) until the product 
is delivered at the desired sites (Lesmes & McClements, 2009), (2) preventing undesirable 
interactions of oxidation, hydroxidation and lipoxidation with the food matrix, for example, iron 
bioavailability is severely affected by its interaction with the food ingredients of tannins, phytates 
and polyphenols, hence imparting stability to compounds in the gastrointestinal system 
(Champagne & Fustier, 2007), (3) allowing taste and aroma differentiation by incorporating 
desired flavors in the coating material, (4) masking bad tasting or smelling during eating, such as 
bitter taste and astringency of polyphenols and/or other high antioxidant active compounds and/or 
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unpleasant taste of oxidized unsaturated fatty acids, and (5) increasing food ingredient 
bioavailability (Desai & Park, 2005). Encapsulation also allows the creation of free-flowing 
easily suspendable ingredients (e.g. hydrophobic vitamins/plant extracts in fruit juice), and 
dispersible unsaturated fatty acids in a hydrophilic food powder including cocoa in cold milk 
(Poncelet, Picot & Mafadi, 2011). 
Encapsulation in food may be defined as a process to entrap core or active materials of 
vitamins, minerals, functional lipids, amino acids, peptides and proteins, phytosterols, 
phytochemicals, antioxidants, and living cells that are, for example, probiotics within a carrier or 
wall matrix of polysaccharides, proteins and lipids (Wildman, 2001; Wandrey, Bartkowiak & 
Harding, 2010; Levi et al., 2011). The architecture of encapsulated compound is generally 
divided into two basic structures. The first structure (Figure 1.7a), a single-core encapsulation, is 
a core-shell structure or a single-particle structure in which the core material is buried to varying 
depths inside the shell or membrane of uniform thickness. The second structure in Figure 1.7b, a 
multiple-core encapsulation, is a form of multiple distinct cores embedded in a continuous matrix 
of wall material (Desai & Park, 2005; Zhang, Law & Lian, 2010).  
  
 
Figure 1.7 Schematic diagram of two representative types of encapsulated compound, (A) single-
particle structure and (B) aggregate structure (Desai & Park, 2005). 
The single-core encapsulation, also known as matrix encapsulation, is the simplest 
structure and typically occurs through complex coaservation, fluidized bed drying, droplet co-
extrusion and molecular inclusion whereas multiple-core capsules are commonly produced by 
spray drying (Jafari, Assadpoor, He & Bhandari, 2008). Applying pressure to single-core 
encapsulates may cause breakage leading to the release of its contents. As seen in Figure 1.7b, the 
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core particle, which can be in the form of relatively small droplets homogenously distributed 
within the encapsulate, is much more dispersed over the carrier material. Besides the spherical 
shaped, encapsulates can also be cylindrical, oval or irregular shaped to satisfy the design of 
added value foods (Zuidam & Shimoni, 2010).  
 
1.3.3 Spray drying 
Selecting the method or encapsulation process depends on the properties of the core and 
coating materials, the desired release mechanism, process type, capsule morphology and particle 
size (Augustin & Sanguansri, 2004). Many encapsulation processes are based on making first 
droplets of the bioactive substance mainly in the liquid form and these droplets are subsequently 
surrounded by the carrier material in a gas or liquid phase via different physicochemical 
processes in relation to the desired technology (Zuidam & Shimoni, 2010). Examples of 
encapsulation technologies, as illustrated in Figure 1.8, are spray coating, spray drying, extrusion, 
emulsion, dripping, suspension coating and gel particle technologies (including spray chilling). 
Prominently, encapsulation technologies are based on spraying due to the nature of the bioactive 
compounds being often in the liquid form (Champagne & Fustier, 2007). 
 
 
Figure 1.8 Encapsulation systems (Poncelet et al., 2011) 
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Spray drying is one of the oldest and most widely used encapsulation techniques in the 
food industry. The development of spray drying equipment and techniques evolved over a period 
of several decades, from the 1870s through the early 1900s and, today, about 80–90% of 
encapsulates are spray dried systems (Milanovic, Manojlovic, Levic, Rajic, Nedovic & Bugarski, 
2010). The process generally involves dispersing or dissolving the active or core material in the 
aqueous solution of the coating or carrier matrix (e.g. protein or carbohydrate) followed by 
atomization and spraying of the mixture into a hot chamber. Water is the preferred solvent for 
most of the spray drying liquid due to its low cost and safety. Instantaneous water removal in 
spray drying can produce a fine (10–50 µm) or large size (2–3 mm) powder depending on the 
starting feed material and operating conditions. This imparts specific properties including 
microbiological, biological and chemical stability to foods in an effort to reduce the storage and 
transportation cost. Organic solutions like ethanol and acetone are not commonly used in spray 
drying because of environmental and safety reasons, which also increase production cost 
(Barbosa-Cánovas, Ortega-Rivas, Juliano & Yan, 2005; Gharsallaoui, Roudaut, Chambin, 
Voilley & Saurel, 2007). 
In general, spray drying consists of four stages: fluid feed atomization, contact of the 
sprayed droplets and hot gas, solvent evaporation and product separation (Figure 1.9). 
Fundamental parameters of the drying process such as inlet and outlet temperature of the drying 
medium and the atomization pressure influence the physicochemical properties of resulted 
powders (Weston and Brown, 1997). In the first stage, the liquid feed is atomized into a spray of 
small droplets through pressure or centrifugal energy. Formation of sprayed droplets increases the 
contact surface between the hot dry air and the liquid to create maximum heat and mass transfer. 
The second stage involves this droplet-hot air contact that takes place during atomization to 
initiate the drying stage. The third stage combines the evaporation of droplet water and the 
formation of dried particles. When the contact between the sprayed droplets and hot air is 
initiated, the solvent evaporation takes place immediately, which is a desirable process. In 
addition, when droplet water content becomes too low to maintain a saturated surface, a dry crust 
starts to form at the droplet surface, which leads to the final stage of spray drying in the 
separation of the dry product from humid air (Master, 2002).  
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Figure 1.9 The processing stages of spray drying (Weston and Brown, 1997) 
Manojlović et al. (2010) argued that spray drying has not been developed yet 
commercially for probiotics in food due to the low survival rate of bacteria during drying and 
subsequent low stability upon storage. This can be attributed to the thermal process that exposes 
the cells to severe temperature and osmotic stresses upon dehydration. The outcome is an 
immediate low viability and high bioactivity losses, which cannot be recovered during the food 
storage. Main parameters that affect this type of outcome are the bacteria strain, drying 
temperature and time, type of atomization, carrier material, osmotic, oxidative and mechanical 
stresses, and finally storage conditions. 
During spray drying, some strains survive better than others. In the case of Lactobacillus 
rhamnosus, stationary phase cultures were preferred while probiotics at the lag phase were the 
most susceptible. Results also indicate that the presence of prebiotics, polydextrose and inulin, 
did not enhance viability during spray drying or powder storage (Corcoran, Ross, Fitzgerald & 
Stanton, 2004). Several studies reported that the logarithmic number of probiotics decreases 
linearly with outlet air temperature of spray dryer (50-90ºC) and, in a lesser extent, with inlet air 
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temperature (150-170ºC), with the latter result being challenged by work in this Thesis (Brian & 
Etzel, 1997; Chavez & Ledeboer, 2007). 
In general, improved viability of probiotics can be achieved by avoiding high shear during 
atomisation, shortening the heating time, and minimizing osmotic, oxidative and mechanical 
stresses during both spray drying and dehydration. Optimal drying time is affected by the droplet 
size of the atomized liquid, which is influenced by the viscosity and flow rate of the feed 
solution. Mixtures of proteins and carbohydrates are typically used as the carrier material, for 
example, skim milk powder, soy protein isolate, gum arabic, pectin and starch for best results. 
Low water activity (< 0.25) and low temperatures are the optimum environment for the 
survivability of probiotics in food systems (Manojlović et al., 2010). 
In a study by Picot and Lacroix (2004), a relatively high outlet temperature of 80ºC was 
claimed to be the cause of the low survival of bifidobacteria upon spray drying. The authors spray 
dried fresh and freeze dried bifidobacteria in the presence of an o/w emulsion consisting of milk 
fat and a solution of 10% heat denatured whey protein isolate. Thus the sensitivity of probiotics 
in relation to spray drying was further confirmed. In a similar study, Crittenden, Weerakkody, 
Sanguansri and Augustin (2006) spray dried probiotics in the presence of an o/w emulsion and 
combined them with Maillard reaction products from protein and carbohydrate interactions to 
improve the film-forming and oxygen scavenging properties of the shell. Results showed that 
encapsulated probiotics were more stable after storage at 25ºC and 50% relative humidity than 
non-encapsulated preparations. 
 
1.4 Probiotic application in food  
As stated previously, probiotic bacteria administered in adequate amounts confer a 
beneficial physiological effect on the host (Rokka & Rantamäki, 2010). Therefore, daily 
consumption of products with probiotics is recommended for good health and longevity. Benefits 
of the co-encapsulation of probiotics with food ingredients are the introduction of multiple 
bioactive compounds in formulations and the enhancement of probiotic activity via interactions 
between cells and co-encapsulated ingredients. This co-encapsulation with prebiotics, 
antioxidants, peptides or immune-enhancing biopolymers is an area of great potential and is 
increasingly recognised as vital for future food applications (Manojlović et al., 2010). 
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There are two approaches to bacterial-culture distribution in the supply chain. First is the 
storage and delivery of fresh, concentrated, chilled or frozen probiotic cultures for direct use. 
Fresh products containing this type of probiotic generally have limited storage time (4-6 weeks) 
under refrigerated conditions. However, the advantage is the very limited loss of bacterial 
viability. The second way is the storage and delivery of dried probiotics, which in combination 
with microencapsulation techniques gives a reliable stability and flexibility. Storage temperature, 
pH, oxygen levels, presence of competing microorganisms and presence of inhibitors are factors 
that influence probiotic viability in novel food products (Mattila-Sandholm, Myllarinen, 
Crittenden, Mogensen, Fonden & Saarela, 2002; Manojlović et al., 2010). Microencapsulation 
technology is continuously developing to improve the viability of probiotic bacteria during food 
product processing, storage and the gastrointestinal tract (Champagne & Fustier, 2007; Lian, 
Hsiao & Chou, 2002; Krasaekoopt, Bhandari & Deeth, 2003; Picot & Lacroix, 2004; Crittenden 
et al., 2006).  
Most probiotics fall into the group of organisms known as lactic acid-producing bacteria 
and are normally consumed as part of yogurt, fermented milks or other fermented foods (Parvez, 
Malik, Ah Kang & Kim, 2006). Dairy products appear to be effective vehicles for the delivery of 
probiotics to humans. Several studies reported that microencapsulation using biopolymers like 
alginate, starch, carrageenan and whey protein increased the survival and viability of probiotic 
bacteria in set and stirred yoghurts during storage (Godward & Kailasapathy, 2003; Sultana, 
Godward, Reynolds, Arumugaswamy, Peiris & Kailasapathy, 2000; Adhikari, Mustapha, Grun & 
Fernando, 2000; Adhikari, Mustapha & Grun, 2003; Picot & Lacroix, 2004). In the case of milk 
powder, addition of soluble fibre gum acacia into a milk-based medium prior to spray drying 
enhanced probiotic viability during storage compared to milk powder alone (Desmond, Ross, 
O’Callaghan, Fitzgerald & Stanton, 2002). Furthermore, microencapsulation of probiotics in 
alginate or carrageenan beads produced greater viability following freezing in dairy desserts 
(Kebary, Hussein & Badawi, 1998; Sheu, Marshall & Heymann, 1993; Godward & Kailasapathy, 
2003; Shah, Ali & Ravula, 2000). 
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Materials and Methods 
 
The purpose of this chapter is to elucidate the materials, instruments and methods used in 
this research. This chapter describes the encapsulation materials, chemicals and reagents 
accordingly with their uses; the analytical methods including the principles behind the 
measurement, i.e. rheology (small deformation on shear), modulated differential scanning 
calorimetry (MDSC), micro-DSC, Fourier transform infrared spectroscopy (FTIR) and scanning 
electron microscopy (SEM); and the microbiological analysis on S. boulardii and its survivability 
in WP microcapsules. Other ancillary items used in this study are also described. 
 
2.1  Materials  
Materials including whey protein isolate, S. boulardii, alginate, chitosan and other 
chemicals used in this research were in analytical grade (unless otherwise specified). Details 
about the materials and other ancillary items used such as product codes, serial/model number, 
suppliers and batch/lot number are presented in Table 2.1 and Table 2.2, respectively; other 
information related to the materials such as compositions will be specified in the subsequent 
chapters. 
Table 2.1   Details of the materials used. 
Materials Suppliers Batch/Lot number 
Acetic acid (glacial) Ajax Fine Chem (Australia) Batch no. 50145511 
Alginic acid sodium salt from brown 
algae – A2033 
Sigma-Aldrich (UK) Lot no. BCBG6637V 
Bacteriological agar LP0011 Oxoid (Hampshire, England ) Lot no. 120440402 
Bacteriological peptone LP0037 Oxoid (Hampshire, England ) Lot no. 841462 
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Table 2.1   Details of the materials used (continued). 
Materials Suppliers Batch/Lot number 
Chitosan low molecular weight Sigma-Aldrich (China) Lot no. MKBK4182V 
D-glucose 10117 BDH Merck (UK) Batch no. 15254 
Disodium phosphate, heptahydrate 
(Na2HPO4.12 H2O) 
Merck (Germany) Lot no. 1065791000 
Hydrochloric acid (HCl) reagent 
grade, 37% 
Sigma-Aldrich (Wisconsin, 
USA) 
Lot no. 435570-2.5L  
Malt extract LP0039 Oxoid (Hampshire, England ) Lot no. 1114964 
Milli-Q water Millipore (Molsheim, France) Lot no. F7EN26803 
Monosodium phosphate, 
monohydrate (NaH2PO4.H2O) 
Merck (Germany) Lot no. 1063467000 
S. boulardii Biocodex (Gentilly, France) Lot no. 1447 
Silicone oil BDH Merck (UK) Lot no. MKBJ1382V 
Sodium acetate (hydrated) Ajax Fine Chem (Australia) Lot no. VN2789 
Sodium chloride (NaCl) Merck (Australia) Lot no. 6102410500 
Sodium hydroxide (NaOH) pellets Merck (Darmstadt, Germany) Lot no. B0414382940 
Whey protein isolate instantised 894 Fonterra (Waikato, New 
Zealand) 
Batch no. GT20 
Yeast extract LP0021 Oxoid (Hampshire, England ) Lot no. 114099902 
Yeast nitrogen base (YNB) 51483 Fluka (India ) Lot no. BCBG2290V 
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Table 2.2 Details of other equipments and ancillary items used. 
Equipment Description Manufacturer 
Analytical balance Adventurer Pro, Model: 
AR2140 
Ohaus Corporation, Pine 
Brooks, United States 
Beckman Coulter centrifuge Serial no. ALV10H07 Allegra 64R, Australia 
Ratek magnetic stirrer and hot 
plate  
Serial no. CS76083V Ratek Instrument PTY, LTD., 
Australia 
pH meter 744 Serial no. 1744001033279 Metrohm Instrument, PTY, 
LTD., Australia 
Ratek VM1 vortex mixer Serial no. 111126844 Ratek Instrument PTY, LTD., 
Australia 
Water bath Serial no. 108126355 Ratek Instrument PTY, LTD., 
Australia 
 
2.2  Methodologies 
2.2.1  Rheological properties of food hydrocolloids 
Knowledge of the solid and liquid properties of hydrocolloids in aqueous solutions, 
dispersion or gels is essential for understanding the molecular origin of such properties, and 
important when using these materials in industry. Two types of deformation are commonly used 
in rheological characterization of physical properties. First, the sample may be subjected to a 
longitudinal deformation, by extension or (more usually) compression. Alternatively, it may be 
deformed laterally, by shearing (Kragel, Derkatch & Miller, 2008). In either case, the extent of 
deformation is characterized by the strain (denoted by ε or γ), which for small deformations is 
defined as the distance travelled by the moving surface divided by the initial height of the sample, 
and the resistance to deformation is characterized by the stress, defined as force per unit area. 
Stress has units of pressure (Pa) and is conventionally denoted by σ for extension or compression 
and by τ for shear.  
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To understand the properties of real systems using mechanical spectroscopy, it is useful 
first to consider the idealized extremes of perfect (‘Hookean’) solids and perfect (‘Newtonian’) 
liquids. For a Hookean solid, the resistance is independent of the rate of deformation, but 
increases linearly with the extent of deformation. The (constant) ratio of stress/strain 
characterizes the rigidity of the sample, and is known as the ‘modulus’ (Young’s modulus, E, or 
shear modulus, G, for respectively longitudinal or lateral deformation), and like stress has units of 
pressure (Pa).  
Young’s modulus: E = σ / ε 
Shear modulus: G = τ / γ 
For Newtonian liquids, the resistance is independent of the extent of deformation but 
directly proportional to the rate of deformation, with the ratio of stress/shear rate defining the 
viscosity (Pal, 2011). In practice, viscosity measurements are almost invariably made under shear 
(in rotational or capillary viscometers), and the (constant) ratio of shear stress to shear rate ( ) is 
known as the steady shear viscosity (η).   
Steady shear viscosity: η = τ /  
Since τ and  have units of respectively, pressure and reciprocal time (s-1), the units of 
viscosity are Pa s. All hydrocolloid systems and real food products have intermediate behavior, 
with elements of both solid-like (elastic) and liquid-like (viscous) response to deformation. They 
are therefore said to be viscoelastic. The degree of solid-like and liquid-like character of 
hydrocolloid solutions and gels can be quantified by a technique, which is very much the focus of 
this Thesis, of mechanical spectroscopy or small-deformation dynamic oscillation. In this 
approach the resistance of the sample to a very small oscillatory deformation is measured using 
instruments such the ARG-2 shown in Figure 2.1.  
γ
γ
γ
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Figure 2.1 A strain control rheometer (ARG-2) available at the food sciences laboratory, RMIT 
University, which was used in this research. 
For a perfectly elastic solid, the stress generated is exactly in-phase with the imposed 
strain, whereas for Newtonian liquids the resistance to flow (stress) is exactly out of phase with 
the applied strain. For viscoelastic hydrocolloids, the degree of solid-like and liquid-like 
character can be measured by resolving the resultant stress into its in-phase and out-of-phase 
components (Ahmed & Ramaswamy, 2005). The ratio of in-phase stress to the applied strain is 
the elastic shear modulus (G'), while the corresponding parameter for the out-of-phase response is 
the viscous shear modulus (G"). The energy used in deforming an elastic solid is recovered as the 
sample springs back to its original shape, while for a perfect liquid there is no such recovery, and 
the energy is lost. Hence, G' and G" are also known as the ‘storage’ and ‘loss’ modulus 
respectively. 
The overall resistance of the sample to the applied deformation may be characterized by 
the unresolved complex modulus, G*: 
G* = (G'2 + G"2)1/2 
Frequency of oscillation (η/rad s-1) can be considered as the oscillatory analogue of shear-
rate and we define the complex dynamic viscosity (η*/Pa s) as: 
 55 
 
η* = G* / ω = (G'2 + G"2)1/2 / ω 
There is a third but equally important parameter derived from dynamic oscillation 
experiments, the so called tan δ: 
tan δ = G"/ G' 
The ratio δ is the phase lag between applied strain and stress generated. The quantity tan δ 
indicates the viscous character of the material at a particular test frequency ω (Savadkoohi & 
Farahnaky, 2012). For the case of perfectly elastic gel, G" and tan δ would both be zero, and 
stress and strain would be exactly in phase. 
Figure 2.2 (Morris, 1984) shows illustrative mechanical spectra obtained using the 
technique of small deformation dynamic oscillation in shear. These correspond to the frequency 
dependence of G', G" and η* within the frequency range of 0.01 to 100 rad s-1 usually employed 
for analysis in food science laboratories. Three representative hydrocolloid systems, i.e. 
polysaccharide or protein, are represented in terms of forming a strong gel structure, a moderately 
concentrated solution and a dilute solution. The first two cases show the viscosity range typical of 
practical use in table jellies and food thickeners.  
Gel formation from aqueous hydrocolloid solutions is a qualitatively well-characterized 
association phenomenon, and one of major practical importance. Association normally occurs by 
physical cross-linking, to develop a continuous three-dimensional network, either through 
conformationally ordered ‘junction zones’ that involve long stretches of the participating chains, 
or by hydrophobic interactions between core regions of globular proteins exposed during thermal 
denaturation (Tay, Kasapis & Han, 2008). In the gel state, solid-like response (G') predominates 
over viscous flow (G"), neither modulus shows any significant frequency dependence, and log η* 
decreases linearly with increasing log ω, with a slope close to the value of -1 anticipated when G' 
and G" are constant from the aforementioned equation of the complex dynamic viscosity. Dairy 
desserts and table jellies are food systems that exhibit soft gel-like behavior when analyzed with 
dynamic oscillation at refrigeration temperature. 
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Figure 2.2 Frequency dependence of G' (dashed line), G" (dashed point line) and η* (solid line) 
for (a) a strong gel, (b) a moderately concentrated solution, and (c) a dilute solution (Morris, 
1984). 
For dilute solutions, by contrast, η* is virtually independent of frequency. This is 
analogous to the behavior of Newtonian liquids under steady shear, where viscosity remains 
independent of shear rate, as shown in the earlier equation of steady shear viscosity. Viscous 
response predominates (G" > G'), but at high frequencies G' approaches G" as a result of 
progressive storage of energy by the contortion of the chains into strain conformations. 
Pasteurized milk is an example of a food system that exhibits dilute solution behavior.   
The behavior of concentrated solutions lies between these two extremes. At low 
frequencies, the response is similar to that of a dilute solution; at high frequencies, it becomes 
more like that of a gel. The origin of the transition from predominantly liquid-like response at 
low rates of deformation to predominantly solid-like at higher rates is well understood. It is based 
on the observation that the polymer chains in moderately concentrated solutions interpenetrate to 
form an entangled network. 
In terms of the frequency sweep of concentrated solutions in Figure 2.2, at lower 
frequencies the principal response is rearrangement of the network to accommodate the strain, 
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and G" predominates (as in the case of dilute solutions). At higher frequencies, where interchange 
entanglements do not have sufficient time to come apart within the period of one oscillation (e.g. 
10 rad/s), G' exceeds G", and both moduli show little change with frequency (solid-like 
response). The dynamic viscosity is independent of frequency initially, but decreases steeply on 
reaching higher values of the dynamic oscillatory frequency, ω. Full fat yoghurts, salad dressings 
and minced fish pastes are food systems that can exhibit this type of rheological behavior 
(Kasapis, 2009). The above protocol of dynamic oscillation in shear will be used extensively to 
elucidate the viscoelastic behavior of hydrocolloid matrices in this Thesis. 
 
2.2.2  Thermal analysis 
2.2.2.1 Modulated Differential Scanning Calorimetry (MDSC) 
Differential scanning calorimetry (DSC) is a thermodynamic tool for measuring the heat 
energy uptake or release in biomolecules during their thermal transitions (Chiu & Prenner, 2011; 
Gill, Sauerbrunn & Reading, 1993). DSC can depict specific heat capacity, heat of transition, 
temperature of phase changes, and melting points of the sample. In DSC, the heat energy is 
simultaneously introduced into the sample and inert reference cells over a given temperature 
interval. Both sample and reference are subjected to a controlled environment of time, 
temperature, atmosphere and pressure. Thermal processes, namely exothermic and endothermic, 
are observed via peaks or reflection points. The area under the exothermic or endothermic peaks 
reflects the loss or gain of heat energy of the sample. While crystallization of carbohydrates and 
aggregation of proteins exhibit exothermic processes, the melting of solids and denaturation of 
proteins are categorised as endothermic processes (Table 2.3) (Le Parlouër & Benoist, 2009). 
Table 2.3 Endothermic and exothermic effects for different food types (Le Parlouër & Benoist, 
2009). 
Food type Endothermic effect Exothermic effect 
Fat, oil Melting, lipidic transition Crystallization, oxidation 
Protein Denaturation Aggregation, crystallization 
Enzyme Denaturation Aggregation, enzymatic reaction 
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Table 2.3 Endothermic and exothermic effects for different food types (Le Parlouër & Benoist, 
2009) (continued). 
 In standard DSC models, the primary means of heat transfer to and from the sample and 
reference cells are metallic plates/discs. Figure 2.3 shows the schematic of a typical “heat flux” 
DSC cell. In this design, the heat is transferred through the disc and the difference in heat flow 
between the sample and reference is measured by thermocouples. The temperature regime seen 
by the sample and reference is linear heating or cooling at a rate from as fast as 200 °C/minute to 
rate as slow as 0 °C/minute (isothermal) (Thomas, 2005b). Theoretical basis for the signals 
calculation in DSC is (Thomas, 2005b): 
                                               (2.1) 
where:  total heat flow;  heat capacity component;  heating rate;  
kinetic component of the total heat flow, which is calculated from the difference between the 
total signal and heat capacity component; CpdT/dt = reversing heat flow component of the total 
heat flow.  
According to Equation 2.1, the total heat flow has two components, one is a function of 
the applied heating rate (dT/dt), and the other one is a function of time at an absolute temperature 
(f(T,t)). Conventional DSC only measures the sum of these components, thus, the total heat flow 
is the sum of all heat flow occurring at any point in time and temperature. Since most commercial 
materials are made from blends of different components, the temperature range of the material 
transitions often overlap. DSC only measures the sum or the average value of the heating rate of 
),(// tTfdtCpdTdtdH +=
=dtdH / =Cp =dtdT / =),( tTf
Food type Endothermic effect Exothermic effect 
Starch Gelatinization, glass transition Retrogradation, oxidation 
Milk Melting Crystallization, oxidation 
Hydrocolloid, gelatin Melting Gelation 
Carbohydrates Melting, glass transition Crystallization, decomposition 
Yeast  Fermentation 
Bacteria  Growth, metabolism, fermentation 
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the process; therefore it provides the same information for overlapping transitions and the 
quantitative assessment of individual transition is not possible (Thomas, 2005b). 
 
Figure 2.3 Schematic diagram of a heat flux type DSC (Thomas, 2005b). 
Modulated Differential Scanning Calorimetry (MDSC) is capable of measuring not only 
the total heat flow but also the two components, i.e. heat capacity and kinetic. In this type of 
DSC, two simultaneous heating rates are used - a linear heating rate that provides information 
similar to conventional DSC, and a sinusoidal or modulated heating rate that permits the 
simultaneous measurement of the sample's heat capacity. As a result, a heating profile, in which 
the average sample temperature still continuously increases with time but not in a linear fashion, 
is obtained by overlaying a sinusoidal modulation on the conventional linear heating ramp. This 
permits separation of reversing transitions (e.g. glass transition) from nonreversing transitions 
(e.g. evaporation) (Raemy, Nouzille, Lambelet & Marabi, 2009). In general, MDSC has been 
shown to provide significant advantages over conventional DSC as follows (Thomas, 2005a): 
• separation of complex transitions  
• increased sensitivity for detection of weak transitions 
• increased resolution without loss of sensitivity 
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• measurement of heat flow and heat capacity in a single experiment 
In this research, MDSC Q2000 from TA Instruments (Figure 2.4) was utilised for 
investigating the thermal properties of samples such as denaturation and gelation. The Q2000 is 
an advanced-grade Differential Scanning Calorimeter (DSC), with high precision, sensitivity, and 
resolution. The instrument’s superior features are Advanced TzeroTM cell, Modulated DSCTM, 
Platinum™ software, and a reliable 50-position DSC autosampler. The TzeroTM thermocouple 
acts as an independent measurement and furnace control sensor. The autosampler and the 
platinum software allow users to automatically schedule the tests. In addition, the instrument 
includes a photocalorimeter, a nitrogen DSC cell purge at a flow rate of 50 ml/min, and a 
refrigerated cooling system (RCS 90) to obtain temperatures down to -90°C. Hermetic aluminum 
pans were used for samples as well as reference cells (Roos, 2009). 
 
Figure 2.4 MDSC - Q2000 available at RMIT University, which was used in this research. 
 
2.2.2.2 Micro Differential Scanning Calorimetry (micro-DSC) 
DSC and MDSC are used commonly for investigating the thermal properties of foods. 
However, in these techniques the heat exchange between the sample and the detector occurs 
through the bottom of the plate/disc, as presented in Figure 2.3. In fact, only a part of this heat 
 61 
 
transfer is measured while a significant part is dissipated through the walls and the cover of the 
cell (Daudon, 1996; Le Parlouër & Mathonat, 2005). In order to minimise this heat lost, a small 
amount of sample (8-14 mg) is recommended when using these techniques.  
Microcalorimetry is the ideal solution to overcome the problem of using bulky samples.  
It has the capacity to work on diluted solutions, which require investigation of bulky samples, 
with a very high sensitivity. In comparison to DSC and MDSC, the heat exchange between the 
sample and the detector in micro-DSC is completely measured. This high efficiency is achieved 
due to the application of Calvet technological principle (Calvet & Prat, 1963), in which the 
detection is based on a three-dimensional fluxmeter sensor (Figure 2.5). With this set up, the 
corresponding thermopile of high thermal conductivity surrounds the experimental space within 
the calorimetric block, which assures an almost complete integration of heat. Therefore, the 
sensitivity of the DSC is not affected by the type of sample cell, purge gas, or flow rate. 
 
Figure 2.5 Schematic of the Calvet type calorimeter (Le Parlouër & Benoist, 2009). 
In micro-DSC, two identical calorimetric chambers (sample and reference) are placed in 
the thermostatic block at the same temperature. In some cases, the large heat capacity of the 
sample and container may provide a major disturbance at the introduction of the container in the 
calorimeter and the temperature perturbation of the thermostatic block may affect the 
measurement. In practice, to overcome this drawback, sample and reference cells should be 
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equilibrated long enough until the temperature required to commence experimentation is 
obtained. Some particular micro-DSCs are designed to be used in experimental conditions such 
as mixing, dilution and other reactions, which are relevant to food characterization (Le Parlouër 
& Benoist, 2009). 
Heat flux calorimetric principle is used in most microcalorimeters (Le Parlouër & 
Benoist, 2009). The heat flux difference between the two chambers at a temperature Ts is 
measured with the following equation: 
                           (2.2) 
where, dh/dt is heat flux produced by the transformation of the sample or the reaction; Cs is the 
heat capacity of the sample, including the container; Cr is the heat capacity of the reference; and 
Tr is the temperature of the reference. According to the Equation 2.2, if dh/dt corresponds to an 
endothermic transformation or reaction, the dh/dt value is positive. If dh/dt corresponds to an 
exothermic transformation or reaction, the dh/dt value is negative (Le Parlouër & Benoist, 2009). 
In this research, a Setaram VII micro-DSC was utilized to study the thermal profile of low 
to intermediate protein and polysaccharide solids as it is more sensitive than MDSC in revealing 
thermal events in the nature of first order thermodynamic transitions (Figure 2.6). 
 
Figure 2.6 Micro DSC (Setaram VII) available at RMIT University, which was used in this 
research. 
dtCrdTrdtCsdTsdtdhdtdq //// −+−=
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2.2.3 Infrared Spectroscopy  
Infrared (IR) spectroscopy is a study of the interaction between infrared light and 
materials. In this technique, IR radiation is passed through a sample, of which some of infrared 
radiation is absorbed by, and the rest is transmitted. The resulting spectrum represents the 
molecular fingerprint of the sample in which the absorption peaks correspond to the frequencies 
of vibrations between the chemical bonds of the atoms making up the material (Yang & Zhang, 
2011). Since each material is a unique combination of atoms, two materials cannot produce the 
exact same infrared spectrum. As a result, infrared spectroscopy is a positive identification 
(qualitative analysis) of different kind of materials. In addition, the size of the peaks in the 
spectrum provides a direct quantitative indication of the level of the chemical species present.  
The IR regions contain near-infrared (NIR, 800-2,500 nm or 12,500-4,000 cm-1), mid-
infrared (MIR, 2,500-25,000 nm or 4,000-400 cm-1), far-infrared (FIR, 25-100 μm or 400-100 
cm-1) and microwave region (100 μm – 1 cm) (Dufour, 2009). In these IR regions, various 
fundamental molecular vibrations, including those from C–H, O–H, N–H, C=O, and other 
functional groups can be detected (Weyer, 1985; Murray & Williams, 2001). Most of the 
absorption bands in the MIR region, but not in the NIR region, have been identified and 
attributed to specific chemical groups. For example, C–H  bonds show stretching vibrations 
between 2,750 and 3,320 cm-1, while the double bond C=C (non-conjugated) is observed between 
1,640 and 1,666 cm-1. Hydroxyl group (O–H) exhibits a strong absorption band between 3,200 
and 3,600 cm-1 in the MIR region. The O–H groups with hydrogen bonding show a broad 
absorption band centred at about 3,300 cm-1 whereas O–H groups without hydrogen bonding are 
observed at about 3,600 cm-1 (Dufour, 2009; Larkin, 2011; Smith, 2011). The carbonyl group 
(C=O), found in aldehydes, ketones, acids, esters, and amides, strongly absorbs between 1,650 
and 1,850 cm-1 in the MIR region. The bands of stretching vibrations of nitrogen group (N–H) are 
located between 3,300 and 3,500 cm-1. While the asymmetric and symmetric vibrations of 
primary amines are characterized at about 3,400 and 3,300 cm-1, the secondary amines only show 
one band in the same spectral range and the tertiary amines do not absorb in this spectral region. 
In regards to food components such as proteins, the peptidic bond C–NH is responsible for the 
absorption between 1,700 and 1,500 cm-1 (Dufour, 2009).  
Originally, the infrared instruments were of the dispersive types. The main limitation of 
these instruments was slow scanning process due to individual frequency measurement. Fourier 
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Transform Infrared (FTIR) spectroscopy was developed to overcome this limitation. This began 
with the invention of interferometer, instead of the monochromators found in the dispersive 
instruments, to collect interferograms (Michelson, 1891; 1892). The method measures all of the 
infrared frequencies simultaneously with high signal-to-noise ratios. The resulting signal is called 
interferogram, and has the unique property that every data point to make up the signal provides 
information about each infrared frequency emanating from the source material.  
The major components of FTIR are IR source, beam splitter, detector and reference laser 
(Figure 2.7). The setup includes reflecting mirrors at various points to direct the path of IR light. 
The light from the source hits a mirror that directs the light onto the beam splitter. The 
recombined light from the interferometer is then directed by mirrors into the sample compartment 
and is finally detected by the detector (Subramanian & Rodriguez-Saona, 2009). The 
development of FTIR spectroscopy makes it possible to obtain unique information about protein 
secondary structure and protein–protein interactions (Casal & Mantsch, 1984). The amide I, II, 
and III bands (1,700–1,500 cm-1) are known to be sensitive to the conformation adopted by the 
protein backbone (Table 2.4). The secondary structures of proteins can be deduced from their 
FTIR spectra primarily through the good correlation with amide I band (1,700–1,600 cm-1) (Fox, 
1989).  
 
Figure 2.7 Optical layout of a typical FTIR spectrometer (Subramanian & Rodriguez-Saona, 
2009). 
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Table 2.4 Amide bands of proteins in the MIR region (Dufour, 2009). 
Mode Frequency (cm-1) Conformation Potential energy 
distribution (%) 
Amide I ~1655 Stretching C–O 83 
  Stretching C–N 15 
  Bending C–C–N 11 
Amide II ~1560 Wagging N–H 49 
  Stretching C–N 33 
  Wagging C–O 12 
  Stretching C–C 10 
  Stretching C–Cα 9 
Amide III ~1300 Wagging N–H 52 
  Stretching C–C 18 
  Stretching C–N 14 
  Wagging C–O 11 
Amide A ~3300 Stretching N–H 95 
Amide V ~660 Twisting C–N 60 
  Wagging N–H 30 
Perkin Elmer Spectrum 100 FTIR spectrometer, which is used in this study, is equipped 
with smart, plug-play-and-go Universal ATR (UATR) accessory (Figure 2.8). The system also 
includes an attenuated total reflectance (ATR) accessory, which facilitates a sampling technique 
to examine directly materials in the solid or liquid state without further preparation. This is an 
excellent method of studying, for example, surface coatings since it is only the surface of the 
sample that is penetrated by the radiation (Banwell & McCash, 1994). In our case, spectra were 
obtained in absorbance mode in the MIR region with a resolution of 8 cm-1. The measured sample 
spectrum was corrected against the background spectrum to ensure the elimination of extraneous 
artifacts. The smart UATR accessory is a highly reproducible and extremely sensitive instrument 
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for result interpretation and allows quick, predictable and reproducible sampling (PerkinElmer, 
Inc., 2005). 
 
Figure 2.8 Perkin Elmer Spectrum 100 FTIR at RMIT University, which was used in this 
research. 
 
2.2.4  Scanning Electron Microscopy (SEM) 
Any microscopy system is designed to produce an image from an object, which generally 
involves magnifying the image. However, maximizing the magnification may compromise its 
resolution, which is defined as ‘the smallest distance between two adjacent points which can be 
seen as separate’. The unaided eye can discriminate features separated by distances of ~0.2 mm. 
Light microscope is capable of producing images with resolution up to 200 nm, i.e. 
magnifications of around 1000x. In comparison to light microscopy, electron microscopy can 
produce images with improved resolution primarily due to shorter wavelength of electrons 
(Davis, 2005).  A common type of electron microscope is scanning electron microscope (SEM) 
as shown in Figure 2.9.   
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Figure 2.9 FEI QuantaTM 200 available at RMIT University, which was used in this research. 
SEM is widely utilized for structure characterization in materials science, chemistry, 
biology, and polymer science. SEM is capable of obtaining two-dimensional visualization of 
large areas of the sample as well as providing diversified qualitative and quantitative information 
on various physical properties, including size, morphology, surface texture and roughness. The 
SEM can achieve high-resolution imaging with a large depth of field due to its short wavelengths 
of electrons, focused by electromagnetic lenses (Davis, 2005; Wang & Petrova, 2012).  
In general, an SEM system includes the SEM beam column, sample stage, signal 
detectors and signal processing system for real-time observation and image recording (Figure 
2.10). The internal structure of the beam column consists of an electron gun, lenses and apertures, 
coils for beam scanning, and a detector/acquisition system for collecting and processing of the 
signal information, which will be displayed as images or graphs on monitor (Wang & Petrova, 
2012). The electron gun at the top of column produces electrons and accelerates them to an 
energy level of 0.1-30 keV. Lenses and apertures are used to focus and define the electron beam 
and to form a small focused electron spot on the specimen because the diameter of the electron 
beam produced by the electron gun is too large to form high-resolution images. The coils are used 
to control the magnification. Afterwards, the detector collects the signals from various locations 
and converts them to point-by-point intensity changes on the viewing screen and produces an 
image (Goldstein et al., 2003; Zhou, Apkarian, Wang & Joy, 2006). 
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Figure 2.10 A schematic diagram of an SEM system (Wang & Petrova, 2012). 
The two main types of signal often used to produce SEM images are secondary electrons 
(SE) and backscattered electrons (BSE) (Goldstein et al., 2003). Secondary electrons are 
generated when incident (primary) beam electrons knock out loosely bound conduction electrons. 
These electrons have low energy (<50 eV), thus, they can only escape from a very shallow region 
at the sample surface. Due to these characteristics, the SE signal provides the highest resolution 
topographic information. On the contrary, BSE signal is generated by elastically scattered 
electrons deflected through angles between 0° and 180° by atoms within the specimen. As a 
result, these electrons have high energy and will produce topographical information with lower 
resolution compared to SE. Nevertheless, BSE signal can provide qualitative compositional 
information in heterogeneous samples (Davis, 2005). Samples with relatively smooth surfaces are 
suitable for this imaging mode because slight topographical irregularities can cause artifacts due 
to shadowing (Wang & Petrova, 2012). 
In order to avoid contamination of the electron source and scattering gas molecules during 
electron travel, SEM requires a high-vacuum environment during the examination. SEM can 
examine nanomaterials, such as carbon nano-tubes and nano-wires, directly through loading them 
on carbon tape. On the contrary, specimens with volatile components are not suitable to be placed 
in the vacuum chamber, therefore, samples such as foams, emulsions and food systems that 
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contain water or oils require metal coating and complicated sample preparation beforehand in 
order to remove potentially volatile substances. For example, chemical fixing, dehydration in a 
graded alcohol series, freeze drying and critical point drying (Wang & Petrova, 2012).  
Recent developments in SEM allow examination of charging and volatile samples without 
exposing the sample to high vacuum. Variable pressure scanning electron microscope (VPSEM) 
and environmental scanning electron microscope (ESEM) can operate while its specimen 
chamber contains gas, up to 20 torr, thus, they can examine the surfaces of wet or dry specimen 
(Wang & Petrova, 2012; Goldstein et al., 2003). The electron gun is still maintained at high 
vacuum, however, a low pressure of gas is introduced around the sample using a differential 
pumping system (Davis, 2005). VPSEM generally relies only on BSE signal for imaging when 
there is gas in the specimen chamber while ESEM offers a proprietary secondary electron 
detector for use in gas. Environmental chamber is advantageous for insulators due to no 
conductive coating is required.  
 
2.2.5 Spray drying 
LabPlant SD Basic Spray Dryer, FT30MK III, is a laboratory scale spray dryer for drying 
aqueous based solutions. The unit is a complete set of drying chamber, cyclone, sample collection 
and waste collection bottles, clamps, seals and all necessary tubing (Figure 2.11). A self-priming 
peristaltic pump delivers the feed liquid through a small diameter jet into the main chamber and 
compressed air simultaneously enters the outer tube of the jet, which forces the liquid to emerge 
as a fine atomized spray into the drying chamber. Heated air is blown through the main chamber 
to evaporate the liquid content of the atomized spray. The solid particles after spray drying are 
separated from the exhaust air flow by a cyclone and collected in the collection bottle.  
A stainless steel spray assembly (Figure 2.12) includes a two-fluid nozzle (with 0.5 mm 
jet size as standard, 1.0 and 1.5 mm jets as optional). In this assembly, an outer tube directs the 
supply of compressed air to the nozzle and the close tolerance gap between the nozzle and the jet 
ensures a fine vaporized spray. This spray assembly comes with a manually operated de-blocking 
device to prevent the nozzle from becoming blocked. The blower, heater and pump are controlled 
with fixed drying air flow of 70 m3/h, maximum air inlet temperature of 200°C and feed flow rate 
of 0-1,500 ml/h (Keison Products, 2009). 
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Figure 2.11 LabPlant SD Basic Spray Dryer at RMIT University, which was used in this 
research. 
 
 
 
 
 
 
 
 
Figure 2.12 Jet assembly of Lab Plant SD Basic Spray Dryer (Keison Products, 2009). 
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2.2.6 Microbiological analysis 
The microbiological methods used in this Thesis were basic but appropriate for the tasks 
undertaken. This section of Chapter 2 explains the principles behind the procedures used in this 
Thesis.  
 
2.2.6.1 Culture storage 
Cell storage and propagation is an essential step in any microbiological work as it ensures 
that there is a viable pure culture available for further experimentation (Montville, Kniel & 
Matthews, 2012). In this project, the basic material was a freeze dried powder containing a pure 
culture of the organism of interest, i.e. S. boulardii. The dilution and plating process used is 
outlined in Chapter 3. The relevant issue in this chapter is the principle behind culture 
maintenance throughout the project. After a purity check, the culture was stored on agar slopes 
for a period of ca. one month at 4°C before it was subcultured again. The storage period is 
dependent on how rapidly an organism multiplies under the storage conditions. During growth, 
the organism is utilizing the nutrients available in the agar. Consequently, at some point in time, 
the nutrients will be depleted and the organism will initially be stressed and then eventually die. 
The subculture must occur before cells are stressed, since stressed and non-stressed yeast cells 
will respond differently to further processing such as spray drying. 
 
2.2.6.2 Cell growth 
The cells of S. boulardii were transferred from an agar plate (yeast malt extract, YM) to a 
broth (yeast nitrogen base, YNB). The composition of the broth is the crucial factor that enhances 
cell growth. For any yeast, the nutrients required are similar to those required for bacterial cell 
growth, namely: a source of carbon, nitrogen, water and an appropriate atmosphere. The source 
of nitrogen in YNB is ammonium sulphate and the addition of D-glucose is used as a suitable 
carbon source; thus providing the building blocks for carbohydrates, fats and proteins the yeast 
cells need for growth. The addition of biotin, a water-soluble B-complex vitamin, in YNB 
provides enzymes collectively known as ‘carboxylases’. These carboxylases play a variety of 
roles including, fatty acid and glucose synthesis, and branched-chain amino acid metabolism 
(Ray & Bhunia, 2007).  S. boulardii cells are classified as facultative anaerobes (Edwards-
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Ingram, Gent, Hoyle, Hayes, Stateva & Oliver, 2004), that is, the cells obtain their energy 
through either anaerobic or aerobic fermentation. 
The extent of multiplication, which is the number of cells and the rate of multiplication, 
requires further explanation. The typical growth pattern (Figure 2.13) for a microorganism such as 
bacteria and yeast is described in 3 main phases starting with the lag phase. The lag phase is 
considered to be a stage of little biochemical activity because there is no significant change in cell 
numbers during this process. In fact, there is evidence (Adams & Moss, 2008), that the cell is 
metabolically active during this phase, but the general thought is that the cells are ‘adjusting’ to the 
environment they have been transferred to. How long the culture stays in this phase depends on 
how different in nutritional and atmosphere terms the new growth medium is from the previous 
environment of the yeast cells. The change from lag to the next phase, the log phase (also called 
the exponential phase), is identified on a growth plot by the doubling in cell numbers due to the 
fermentation of glucose by the yeast cells. The rate of growth in the log phase, usually quoted as 
between 90-120 min per doubling, is dependent on the nutrient supply, atmosphere and 
temperature.  
 
Figure 2.13 Change in yeast cell number over time (Friedman, 2011). 
The availability of glucose in a batch system is limited. As a result, the yeast cells will 
utilize the alcohol (ethanol) that was produced during the initial log phase (often called the fast log 
phase) as a substrate and switch to the less efficient aerobic fermentation (referred to as 
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respiration) process to continue to grow and multiply. This is seen in Figure 2.13 as a slower 
exponential growth in which the doubling time is much longer than it was previously. The change 
in metabolism is called the diauxic shift. The level of alcohol that the yeast cells can tolerate and 
still survive is limited so that after a period of time the cells numbers do not alter. This stationary 
phase is associated with an equal number of cells multiplying or dying, since the extent of dying 
increases with higher levels of alcohol so that the yeast cells can no longer survive. At this point, 
the plot would show a downward slope (Jasson, Jacxsens, Luning, Rajkovic & Uyttendaele, 2010).   
The multiplication of yeast cells is different visually from that of bacteria in that the 
daughter cell appears as a bud (Figure 2.14) rather than an elongation and a halving of the cell to 
create two equal cells as occurs in bacterial cell multiplication. Yeast morphogenesis (Figure 
2.15) is thought to occur because at the budding site synthetase is active (and inactive elsewhere 
on the cell wall). A suggested mechanism by Cole (1996) is that “microvesicles transport 
activating factors (e.g., proteases, ATP, and GTP) to the plasmalemma at specific sites of wall 
biosynthesis (zones of bud emergence and of septal formation)”. Cole (1996) goes onto state that 
“These two concepts of regulation of wall biosynthesis in fungal hyphae and yeasts have been 
supported by considerable bodies of evidence, and it is likely that both are correct.” 
 
 
Figure 2.14 Morphology of budding and unbudded S. cerevisiae cells and zygotes. Top row 
shows an unbudded cell (upper left) and cells with buds of different sizes. Photo was taken by 
Eric Schabtach, University of Oregon, Eugene. Magnification, ca. 6000x (Herskowitz, 1988). 
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Figure 2.15 Stages (A to F) of bud emergence and yeast cell cycle (Cole, 1996). 
 
2.2.6.3 Cell enumeration 
This enumeration process addresses the problem that an individual yeast cell cannot be 
seen with the naked eye and therefore cannot be enumerated directly. The technique stems from 
Robert Koch's insight gained from viewing colonies growing on the surface of a spoiling slice of 
potato (Speck, 1976). When yeast cells multiply on a semi-solid nutrient medium such as YM 
agar, colonies are produced. This occurs because the lack of mobility (or limited mobility) of the 
yeast cells ensures that the group of cells are localized, thus producing a visible object referred to 
as a colony after the required incubation time. The shape of the colony can provide preliminary 
identification information. Each colony represents originally one cell in the broth being sampled. 
So, by counting the colonies, in fact the cells are being counted.  
An additional point to raise is the actual yeast cell number to be enumerated. If the aliquot 
dispensed onto an individual agar plate contains > 250 cells (U.S. Food & Drug Administration, 
2001) then serial dilution of the broth to be enumerated is required. The colony number will be an 
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underestimation of the actual cell number in the sample because an agar plate of ca. 9 cm in 
diameter will not support the growth of more than ca. 250 cells. A common diluent is saline 
(NaCl, 0.85% w/w) as it is isotonic with the yeast cells. Thus the cells are not ‘stressed’ during 
the dilution and plating process which is limited to about a 20 min period to avoid cell 
multiplication or death. If cell multiplication or death occurred during cell enumeration, the 
accuracy of the results obtained would be compromised (Justé, Thomma & Lievens, 2008).  
 
2.2.6.4 Yeast cell harvesting (cell concentrating) 
The yeast cells in this project were to undergo spray drying and as a result require (a) 
concentrating from the growth medium and (b) protection from the drying heat. The former 
required the cells to be concentrated for subsequent treatment. The latter involved an 
investigation of the effectiveness of whey protein (and alginates) as protectants; the major theme 
of this Thesis.  
 The terms separating and concentrating are very easily confused in this context. 
Separation is the process of removing a population from a complex mixture whereas 
concentrating requires both the removal of the cell population from a complex medium as well as 
simultaneously reducing the sample volume. Thus, filtration or centrifugation is the appropriate 
process if concentrating the cell load is required, as in this project. Filtration is a slow and 
sometimes difficult process to yield reproducible results (Harrigan, 1998).  
Centrifugation efficiency is favored by large particle diameter of the cells, which for yeast 
cells is ca. 2-10 µm if spherical (Jelinek, Pokorný, Šaroch, Trkal, Hašek & Palán, 1999), large 
density difference between cell and broth, and a broth of low viscosity which is the case for YNB. 
So, the effectiveness of sedimentation of yeast cells is based on the relative centrifugal force 
(RCF). Where RCF is the revolutions-per-minute squared times the radius in cm of the centrifuge 
(the value of the radius is taken from the centre of the head to the outer edge of the sample 
container) divide by g (980 cm/sec2). The required g value is dependent on the factors listed above, 
i.e particle diameter, medium density and viscosity (Karwoski, 1996). 
Many investigators (Fietto, Araújo, Valadão, Fietto, Brandão & Neves, 2004) have used 
fairly simple centrifugation methods to concentrate bacterial and yeast cells from microbiological 
media for a range of experimental goals. In this project, centrifugation of the broth cultures was 
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carried out at a rate (ca. 4,000g) that would ensure the sedimentation of most of the yeast cells and 
then pouring-off the broth (largely cell free) to provide broth-free cells. However, it was necessary 
to carry out a cell washing process using an isotonic diluent such as NaCl (0.85%, w/w), and 
repeating the centrifugation and washing steps several times to ensure maximum broth removal 
from the cells. Cell enumeration of the broth is a simple and quick way to establish the cell load 
still remaining in the broth after centrifugation and, therefore, the effectiveness of the centrifugal 
separation (Schmidt, Emelko & Reilly, 2010). 
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Growth Characteristics of Saccharomyces boulardii 
 
3.1 Abstract  
S. boulardii can be isolated effectively from a Biocodex’s pharmaceutical (Bioflora) 
product and it reached a maximum cell density of ~107.5 cfu/ml after 16 h at 37°C in YNB broth. 
Buffering the YNB to maintain the pH of the broths whilst S. boulardii is growing did not 
increase the maximum cell density reached. Furthermore, the same S. boulardii cell density was 
obtained in broths at pH of 4, 6 or 8. The key difference in the growth profile of S. boulardii at 
these pH levels was the presence of a lag phase in the broth at pH 8 and not in the broths at pH 4 
or 6. At pH 2, the number of S. boulardii was reduced by 0.03 log cfu/ml and a total of 1½ log 
cfu/ml within 1 h and 24 h of exposure, respectively. The addition of calcium (50 mM) into the 
YNB broth resulted in the same growth characteristics as the control culture with no calcium 
adding.  
The effect of 50°C on S. boulardii was not significant in the first 30 min of exposure. A 
further 60 min at this temperature resulted in a decrease of 0.5 log cfu/ml of S. boulardii. 
However, heating the S. boulardii broth culture at 60°C for a period of 2 min only resulted in a 
reduction in the cell density of ca. 1.8 logs. Heating of S. boulardii at 70°C for 2 min resulted in 
no viable S. boulardii cells detected.  
Surprisingly, S. boulardii showed no difference in viability when exposed to outlet 
temperatures in the range of 50 to 60°C when being microencapsulated using the spray drying 
technique. 
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3.2 Introduction  
Saccharomyces cerevisiae var. boulardii is also known as Saccharomyces boulardii. The 
application of S. boulardii to foods is limited to research of raw vegetable fermentation (Lesage 
& Bussey, 2006), fermented indigenous food mixtures (Nguyen & Herve, 1997; Sindhu & 
Khetarpaul, 2001), and yoghurt products (Lourens-Hattingh & Viljoen, 2001). However, S. 
boulardii is currently used primarily as a therapeutic yeast and is generally administered as 
lyophilized products (van der Aa Kühle, Skovgaard & Jespersen, 2005).  
The reason for the significant pharmaceutical application of S. boulardii is that this is the 
only yeast species that has been proven via clinical trials to have probiotic activity (Sazawal, 
Hiremath, Dhingra, Malik, Deb & Black, 2006). Significantly, Qamar, Aboudola, Warny, 
Michetti, Pothoulakis, Lamont and Kelly (2001) found that S. boulardii was not influenced by 
antibiotics and sulfamides; this is because it is a yeast rather than a bacterium. Specifically, S. 
boulardii was shown to have anti-inflammatory, antibacterial, and metabolic detoxification 
properties (Qamar et al., 2001). Several papers (Castagliuolo, Riegler, Valenick, Lamont & 
Pothoulakis, 1999; Czerucka, Dahan, Mograbi, Rossi & Rampal, 2000; McFarland & 
Bernasconig, 1993; Surawicz, Elmer, Speelman, McFarland, Chinn & van Belle, 1989) reported 
that this organism improves the balance of intestinal microflora and as a result helps to control 
diarrhoea, caused by the infections of Clostridium difficile or Escherichia coli. According to 
Guslandi, Mezzi, Sorghi and Testoni (2000), S. boulardii also has been shown to have a 
beneficial effect on the treatment of Crohn’s disease; a type of inflammatory bowel disease 
involving abdominal pain and diarrheal as well as other symptoms. 
However, Blehaut, Massot, Elmer and Levy (1989) found that only 1-3% of the yeast’s 
oral dose could be recovered in the faeces of rat and man. This is despite S. boulardii showing 
some resistance to stress conditions of temperature, pH, and bile salts (Fietto, Araújo, Valadão, 
Fietto, Brandão & Neves, 2004; Graff, Chaumeil, Boy, Lai-Kuen & Charrueau, 2008a). Graff et 
al. (2008a) stated that, probiotics, which are generally orally administered, have to survive in the 
host’s gastrointestinal tract to generate their beneficial effects.  So in fact the effectiveness of the 
probiotic is dependent not only on the dosage used, but also on the number of microorganism that 
survive through the gastro-intestinal passage to reach the colon. 
The most common solution to improving the survival of sensitive organisms and materials 
suggested by researches is the use of microencapsulation. Thies (2005) stated that 
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microencapsulation has a wide range of applications in food, drugs and many other products. 
Microencapsulation in basic terms involves enclosing and therefore protecting highly sensitive 
materials such as S. boulardii from different environmental stresses including the gastro-
intestinal tract. To protect S. boulardii, Graff et al. (2008a), Graff, Hussain, Chaumeil & 
Charrueau (2008b), Zamora-Vega, Montañez-Soto, Martínez-Flores, Floes-Magallón, Muñoz-
Ruiz, Venegas-González & Ortega (2012) have developed a microencapsulation process based on 
extrusion and gel formation techniques.  
Although spray drying has been used for encapsulation of lactic acid bacteria, 
microencapsulation of S. boulardii using spray drying techniques has not been widely reported 
(Gharsallaoui, Roudaut, Chambin, Voilley & Saurel, 2007; Picot & Lacroix, 2004). Nevertheless, 
spray drying is regarded as a highly efficient and cost effective method of drying for the food 
industry (Gharsallaoui et al., 2007). Consequently, this project will use spray drying for 
microencapsulation of S. boulardii. To do this effectively, information about the survival and 
growth characteristics of S. boulardii under a number of relevant parameters must be first 
evaluated.   
The key factors which affect the survival and growth characteristics of any 
microorganism include temperature, pH and salts (type and level). With respect to temperature, 
Czerucka, Piche and Rampal (2007) stated that the optimal temperature for S. boulardii growth 
was 37°C, but there was no data and no reference cited in this paper to support their statement 
about the optimum growth temperature of S. boulardii. However, Fietto et al. (2004) found “no 
difference” between the growth of S. boulardii at temperatures of 30°C and 37°C. In the same 
research, Fietto et al. (2004) recorded a 75% survival of S. boulardii after 60 min exposure to 
52°C. This is an important finding for the effect of heat treatment on S. boulardii during a 
process, such as spray drying. However, for spray drying the inlet and outlet temperatures need to 
be considered. According to Czerucka, Piche and Rampal (2007), pH between 4.5 and 6.5 gave 
optimal growth of yeast and most yeast can still grow at pH 3. Fietto et al. (2004) showed that S. 
boulardii has reduced viability (25%) after 1 h exposure to pH 2. This is relevant to the survival 
of S. boulardii as it passes through the stomach to reach the colon. 
According to several authors (Walter, Miyoshi, Leverve, Bernardi & Fontaine, 2002; 
Zeng, Wei, Lou, Fu, Xiong & Wang, 2010; Zhonghe, Xizhong & Mingxiao, 2000), calcium is 
seen as an important electrolyte as it affects the permeability and stability of the cell wall as well 
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as being involved in the transfer of materials across the cell membrane. Furthermore, the 
importance of calcium was emphasized by Omoifo (2011), who stated that calcium supported 
yeast induction and proliferation. However, the literature is lacking in specific data showing the 
effect of calcium on the viability of S. boulardii. With respect to microencapsulation, Ju and 
Kilara (1998) stated that calcium would have an effect on the structure and consistency of the 
coating biopolymer network. 
In summary, the literature is not conclusive as to the survival and growth profile of S. 
boulardii under a range of pH, temperature and calcium levels that are pertinent to spray drying 
this culture.  The aim of this chapter therefore is to investigate the survivability and growth 
characteristics of S. boulardii under a range of conditions namely: 
(1) In YNB broth, buffered and not buffered; 
(2) In YNB broths adjusted to pH of 2, 4, 6, and 8; 
(3) In YNB broth at temperatures of 37, 50, 60, and 70°C; 
(4) In YNB broth with CaCl2 addition of 50 mM; 
(5) Trialling microencapsulation using a whey protein isolate as the coating material and 
spray drying as the technique of interest.  
 
3.3 Materials and methods 
3.3.1 Materials 
Microbial strain: S. boulardii was isolated from a pharmaceutical product Bioflora 
(Biocodex, France). The product was in unit packs which contained 1 mg of lyophilised powder 
of the yeast cells. 
Ingredients for the plating medium: Yeast malt extract (YM) agar, used for the isolation, 
enumeration, and maintenance of the yeast, was prepared from the following ingredients: yeast 
extract (Oxoid, LP0021), malt extract (Oxoid, LP0039), bacteriological peptone (Oxoid, 
LP0037), D-glucose (BDH Merck, 10117), and bacteriological agar (Oxoid, LP0011).  
Ingredient for the inoculating broth: Yeast nitrogen base (YNB, Fluka, 51483) with the 
addition of D-glucose (BDH Merck, 10117) was used as a growth medium for the yeast. 
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According to the manufacturer, YNB is a selective media for Saccharomyces because of its low 
pH (pH 5.4 ± 0.2). 
Chemicals: NaH2PO4.H2O (Merck), Na2HPO4.12 H2O (Merck), CaCl2 (Merck), NaCl 
(Merck), NaOH (Merck), HCl (Sigma-Aldrich) and Milli-Q water from Millipore were used in 
the experiments for this chapter. 
3.3.2 Preparation of appropriate media and diluents 
Yeast malt extract (YM) agar: Yeast extract (3 g, Oxoid, LP0021), malt extract (3 g, 
Oxoid, LP0039), bacteriological peptone (5 g, Oxoid, LP0037), D-glucose (10 g, BDH Merck, 
10117), and bacteriological agar (20 g, Oxoid, LP0011) were dissolved in warm Milli-Q water to 
achieve a final volume of 1 litre and sterilized by autoclaving at 121°C for 15 min. 
Yeast nitrogen base (YNB) broth: Yeast nitrogen base (YNB, 6.7 g, Fluka, 51483) and D-
glucose (10 g, BDH Merck, 10117) were dissolved in warm Milli-Q water to achieve a final 
volume of 1 litre before filter sterilizing using Millex-GS filter unit (pore size 0.22 µm, Merck 
Millipore, Germany).  
Diluent: Sodium chloride (8.5 g, Merck) was dissolved in Milli-Q water to achieve a final 
volume of 1 litre. Aliquots (9 ml) were transferred into McCartney bottles and sterilized by 
autoclaving at 121°C for 15 min. 
 
3.3.3 Methods 
Yeast isolation: Yeast powder (1 mg) was removed from a Bioflora unit pack and 
transferred into sterile YNB broth (10 ml) before incubating at 37 ± 1°C for 18-24h to resuscitate 
the culture. An aliquot (1 ml) of the incubated broth was serially diluted in sterile isotonic saline 
(0.85%, 9 ml) and then plated onto YM agar to obtain single colonies.  
Purity check: The purity of the yeast was checked with a light microscope prior to use and 
storage. A small part of a well separated colony was taken using a sterile inoculating loop and 
spread evenly with a drop of sterile distilled water onto the surface of a glass slide. Afterwards, 
this cell stain was fixed and dried on the slide by lightly heating on the flame of a Bunsen burner. 
Consequently, the dried cells were dyed using crystal violet (or methylene blue) for around 3–5 
min then washed with distilled water before again dried above a Bunsen burner. Magnified 
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images of the stained yeast cells were taken using a light microscope (Motic EF-N Plan, 
Australia, magnification of 1000x). 
Culture maintenance: An isolated yeast colony was streaked onto four YM slopes, 
incubated at 37 ± 1°C for 48 ± 2 h then stored at 4 ± 1°C. Two of the slopes were deemed to be 
the “mother” culture and the others were the “working” cultures which were used for subsequent 
experiments.  To maintain the culture, each of the mother cultures was transferred onto another 
four fresh YM slopes on a monthly basis after purity was established. 
Culture preparation for experiments:  Initially a loop of the “working” culture was serially 
diluted (in sterile isotonic saline, 0.85%, 10 ml) before being spread onto YM plates and 
incubated at 37 ± 1°C for 48 ± 2 h to achieve separate S. boulardii colonies. 
S. boulardii growth profile in YNB broth: The basic procedure that was followed to 
obtain a culture for the experiments required the transferring of the colonies (10, well separated 
colonies, ca. 1 mm diameter) of S. boulardii from YM plates into YNB broth (10 ml, modified 
accordingly to Table 3.1) then mixed thoroughly using a vortex mixer (Ratek VM1, Australia, at 
medium speed) for a short time (ca. 10 sec). This broth culture was referred to as the “seed 
culture” for further experiments reported in this chapter.  
An aliquot of the seed culture was transferred into the YNB broth before being incubated. 
For specific experiments requiring changes in pH, temperature, buffer or calcium, the YNB 
broths were modified as per Table 3.1. 
The inoculated broths were sampled periodically to monitor (or enumerate) yeast growth, 
as follows: at each sampling time, an aliquot (1 ml) of the broth was transferred into sterile saline 
(9 ml, 0.85%, w/w), serially diluted and then an aliquot (0.1 ml) was spread onto duplicate YM 
plates. These plates were incubated at 37 ± 1°C for 48 ± 2 h before enumeration. The results were 
reported as an average viable count as log cfu/ml. 
Microencapsulation of S. boulardii using a spray drying technique: The S. boulardii 
culture of this investigation was prepared as follows: An aliquot (1 ml) of the seed culture, 
prepared as described previously, was transferred into sterile YNB broth (99 ml) and incubated at 
37 ± 1°C long enough for the culture to reach the late log phase of yeast growth. The specific 
time was established in previous trials. The YNB broth was transferred into sterile centrifuge 
tubes (100 ml) and centrifuged in a Beckman Coulter centrifuge (Allegra 64R, Australia), at a 
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relative centrifugal force (RCF) of 3,944g at 4°C for 10 min. After decanting, the pellet was 
resuspended in sterile isotonic saline (0.85%, w/w) and centrifuged twice more to obtain clean 
(no broth) yeast cells. 
The clean pellet of S. boulardii was resuspended into a whey protein isolate suspension 
(20%, w/w, Fonterra, Waikato, New Zealand). To completely hydrate, the whey protein isolate 
suspension had been held overnight at 4 ± 1°C. After continuous stirring (Ratek magnetic stirrer, 
Australia, at speed level 5) for 5 min, this suspension was introduced into a spray dryer (LabPlant 
SD-Basic, UK) with an inlet air temperature of 90°C, outlet air temperature controlled at 50, 55, 
or 60°C (± 1°C) by adjusting the flow rate of the suspension, and air pressure to about 4 kg/cm2. 
Before the microencapsulation process, the spray dryer cleanliness was ensured by 
heating it to 125°C for 15 min without any feed. The atomizer and associated feeding tubes were 
carefully washed and sprayed with ethanol 70% beforehand, for the same reason. 
After equilibration at overnight temperature, the microcapsules (1 g) containing S. 
boulardii cells obtained from spray drying were resuspended in sterile isotonic saline (0.85%, 9 
ml) and serially diluted. An aliquot (0.1 ml) was spread onto prepared YM plates and incubated 
at 37 ± 1°C for 42 ± 2 h for enumeration.  Average results of duplicate samples are reported. 
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Table 3.1 Modifications of YNB broths for investigating the survival and growth characteristics 
of S. boulardii. 
Experiment aim Methodology 
Growth of S. 
boulardii in YNB 
broth 
- YNB (6.7 g) and D-glucose (10 g) were dissolved in warm Milli-Q 
water to achieve a final volume of 1 litre, which was then filter 
sterilized using Millex-GS filter unit (pore size 0.22 µm, Merck 
Millipore, Germany).  
- An aliquot (2 ml) of the prepared seed culture was transferred into the 
YNB broth (198 ml) and incubated at 37 ± 1°C. 
- Monitoring of the treatment was carried out every 4 h for a total of      
48 h.  
Effect of buffered 
broth 
- pH value of YNB broth was maintained between 5-6 during the growth 
of S. boulardii, by phosphate buffering. The broth was adjusted to a 
salt strength of 50 mM using NaH2PO4.H2O (6.07 g/l) and Na2HPO4.12 
H2O (2.15 g/l) then filter sterilized. 
- An aliquot (2 ml) of the prepared seed culture was transferred into 
buffered YNB broth (198 ml) and incubated at 37 ± 1°C. 
- Monitoring of the treatment was carried out every 4 h for a total of     
48 h. 
Effect of pH - The YNB broths were adjusted to pH values of 2, 4, 6, and 8 using 
solutions of NaOH (1 M or 0.1 M, Merck) and HCl (1 M and 0.1 M, 
Sigma-Aldrich) then filter sterilized.  
- An aliquot (2 ml) of the prepared seed culture was transferred into pH 
adjusted YNB broth (198 ml) and incubated at 37 ± 1°C.   
- Monitoring of the treatment was carried out every 6 h for a total of     
24 h. 
 
 91 
 
Table 3.1 Modifications of YNB broths for investigating the survival and growth characteristics 
of S. boulardii (continued) 
Experiment aim Methodology 
Effect of 
temperature 
- The YNB broth (9.9 ml) was transferred into sterile McCartney bottles 
and heated up in water-baths (Ratek, Australia), which have been 
previously set at 37, 50, 60, and 70 ± 1°C, for 30 min to reach the 
required temperatures. 
- An aliquot (0.1 ml) of the prepared seed culture was transferred into 
YNB broth (9.9 ml) and incubated at required temperature.   
- Monitoring of the treatment was carried out after 0, 2, 5, 10, 15, 30 and 
90 min of incubation. 
Effect of CaCl2 - The YNB broth was modified by the addition of CaCl2 (Sigma-
Aldrich) at a concentration of 50 mM then filter sterilized using 
Millex-GS filter unit (pore size 0.22 µm, Merck Millipore, Germany). 
- An aliquot (2 ml) of the prepared seed culture was transferred into 
YNB broth (198 ml) and incubated at 37 ± 1°C. 
- Monitoring of the treatment was carried out every 4 h for a total of     
48 h. 
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3.4  Results and discussions 
3.4.1 Isolation of S. boulardii from Bioflora product 
The colonies isolated from the Bioflora pharmaceutical unit pack on YM agar (Figure 
3.1a) were consistent with the description given by Larone (2011) and McFarland et al. (1993) 
for typical yeast cells, and for S. boulardii according to McCullough, Clemons, McCusker & 
Stevens (1998). The creamy white and opaque colonies can be described as having an entire edge 
and being round to oval in shape with a diameter of 0.5 to 1 mm after 48 h incubation at 37°C on 
YM agar. The colony surface is slightly raised giving a “cone-like” appearance in the centre of 
the colony. Typically, colonies that are round on an agar surface will be round, oval or triangle 
when located below the surface of the agar; this was the case for this culture as well (Figure 
3.1b). 
The manufacturer stated that the Bioflora unit pack contains only one culture; namely S. 
boulardii. As expected, inoculated YM agar, which according to Sigma-Aldrich Chemie GmbH 
is specific for the isolation and cultivation of yeasts, isolated only one colony type from this 
product. Under a light microscope with oil immersion magnification of 1000x, crystal violet 
stained cells (some with buds) had a round or oval morphology (Figure 3.1c). The morphology 
was typical for yeast cells in general and S. boulardii in particular (Stavrinidis, Delitheos & 
Tiligad, 2002). 
Although the purity of the culture was established as described in the methods of Section 
3.3.3, a further biochemical identification and confirmation was carried out at SA Pathology, 72 
King William Rd, North Adelaide, SA 5006, Australia. 
3.4.2 The growth profile of S. boulardii in YNB broth 
 The growth profile of S. boulardii is not expected to deviate from that associated with 
bacteria or yeast cells in general, i.e. the typical asymmetrical S-shape curve covering the three 
phases of growth: lag, exponential and stationary phases as stated in basic microbe textbooks and 
references. Richards (1928) examined the growth of S. cerevisiae to find that it produced the 
expected growth profile.  
In this study, S. boulardii did not show a definite lag phase (Figure 3.2a). This is not 
unexpected given that YNB contains dextrose (as a carbohydrate source), salts (for N, P, and 
 93 
 
trace metals), yeast extract and bacteriological peptone. According to Bergman (2001), any 
medium enriched with these ingredients would allow rapid adaption, i.e. a minimum or no lag 
phase. The issue of optimum temperature is discussed in a late section (3.4.4). 
The exponential phase of S. boulardii’s growth in this study occurred over an 8 h period 
(4-12 h) in YNB at 37°C. This allowed for a growth rate of about 160 min per generation during 
the exponential phase, which is based on a 1½ log increase in the number of S. boulardii in that 
time frame. The result is similar to that reported by Bergman (2001) who stated that the yeast 
number would double every 140 min in YNB. 
The stationary phase was reached after some 16 h at 37°C with a maximum cell density of 
about 107.2 cfu/ml. Werner-Washburne et al. (1993) described the stationary phase as no change 
in cell number and a cessation of cell division due to reducing supply of nutrients. This was 
attempted by using a larger volume of broth for the same initial inoculum; however, the 
maximum cell density did not increase (data not shown). Results suggest that a possible approach 
to increasing the cell density of S. boulardii is the periodic addition of nutrients to the broth. The 
stationary phase remained consistent for at least 20 h (Figure 3.2a) at which time monitoring of 
cell load in YNB was terminated. 
Significantly, the pH of the broth decreased from 4.6 to 3.3 in 8 h of incubation and 
further decreased to pH 3 after 16 h at which time the stationary phase was reached. This 
suggested that the pH decrease created by sugar fermentation could be limiting the growth of S. 
boulardii, i.e. a self-limiting factor. 
In a second study, the pH of the YNB medium was buffered with a phosphate buffer 
containing a salt strength of 50 mM (6.07 g/l of NaH2PO4.H2O and 2.15 g/l  of Na2HPO4.12 H2O) 
to maintain the pH between 5 and 6. Figure 3.2b shows that the maximum cell density increased 
to only 7.3 log cfu/ml (from 7.2 log cfu/ml in Figure 3.2a), with the lowest pH of the YNB broth 
being 5.2 (Figure 3.2b). This is very close to the optimum pH of S. boulardii according to 
Czerucka et al. (2007). 
3.4.3 Effect of pH within the range of 2 to 8 on the growth of S. boulardii 
Figure 3.3a shows that when the YNB broth was initially adjusted to a pH of 4 or 6, S. 
boulardii did not pass through a lag phase but directly went into the exponential growth phase. 
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However, when the pH was increased to 8, S. boulardii displayed a lag phase of about 12 h. 
Although there is no literature dealing with the current observation for S. boulardii, this should 
not be an unexpected result given that the yeast’s optimum pH is 4.5-6.5 according to Czerucka 
et al. (2007). This outcome suggested that S. boulardii would need to “adjust” for some time 
(about 12 h) at pH 8 prior to growth, as shown by the presence of a lag phase in Figure 3.3a. 
Similar findings were obtained when this study was repeated with a slight difference in the initial 
inoculum (7.5 log cfu/ml, but results are not shown here). 
With an initial load of 6.2 log cfu/ml, the maximum cell density reached was 7.5 log 
cfu/ml. That occurred when the stationary phase was reached after some 18 h at 37°C. The 
relatively low maximum of the cell density may limit the efficiency of subsequent processes such 
as spray drying or digestion. As those processes will result in a reduction in cell density, it is 
important to generate a high initial cell density that ensures sufficient numbers of viable S. 
boulardii reach the colon to be effective.  
Next, the question arises as to what extent the pH of the broth changes during the growth 
of S. boulardii at the experimentally adjusted pH levels, and whether the change in pH of the 
broth could be the cause of the relatively limited maximum numbers in cell density. Figure 3.3b 
shows that for both pH 4 and pH 6 YNB broths the growth of S. boulardii resulted in a significant 
decrease in pH of the broth to 3.6 after 6 h. However, for the broth at pH 8, the pH significantly 
decreased to only pH 5 after 12 h. And yet the maximum cell density was not significantly 
different from that of the pH 4 and 6 broths (Figure 3.3a), in which the final pH was around 3. 
This suggests that the decrease in pH of the broth during growth is not the cause of the limited 
maximum reached in cell density.  
When the pH was decreased to 2 (Figure 3.3a), which is the pH of the stomach component 
of the gastro-intestinal tract, S. boulardii did not grow but in fact the number of S. boulardii cells 
decreased by 1½ log in 24 h. However, the time food spends in the acid environment of the 
stomach is likely to be only 1 h (Blanquet-Diot, Denis, Chalancon, Chaira, Cardot & Alric, 
2012). From Figure 3.3a, exposure to pH 2 for 1 h leads to a reduction in S. boulardii cell density 
of 0.03 log cfu/ml (representing a 30% reduction). This result is supported by the findings of 
Fietto et al. (2004) in which a 25% reduction in S. boulardii was recorded after 1 h exposure to 
pH 2. However, the work conducted by Fietto et al. (2004) was an in-vitro digestion experiment 
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in which S. boulardii was exposed to pepsin but no broth nutrients were included in the test 
medium. 
3.4.4 Effect of temperature variation between 37°C and 70°C 
In this study, growth of S. boulardi at 37°C and natural broth pH of 5.6 was examined for 
only 90 min in that time the organism remained in the lag phase with no significant (p > 0.05) 
difference in viable counts (Figure 3.4). When the temperature of the YNB broth was increased 
by 13 degrees to 50°C, S. boulardii numbers again did not change significantly (p > 0.05) in the 
first 30 min. However, a decrease of 0.5 log cfu/ml from 5.0 log cfu/ml to 4.5 log cfu/ml (ca. 
35% survival) was observed when the YNB broth was held for a further 60 min at 50°C. A 
similar trend was reported by Fietto et al. (2004) with a survival of 75% of S. boulardii after 1 h 
at 52°C. The slight differences in temperature and time could explain the variation in percentage 
survival between the two studies. 
The above results can be contrasted with the effect of 60°C on the survival of S. boulardii. 
Heating the yeast broth culture for only 2 min at 60°C resulted in a reduction of ca. 1.8 logs 
(from 5.0 log cfu/ml to 3.2 log cfu/ml) and at least a 5 log reduction (no viable counts detected) 
after only 5 min exposure to 60°C. Not surprisingly, heating at 70°C for 2 min resulted in more 
than 5 log reduction in viable counts and no S. boulardii activity was detected (data not shown). 
The above results for the effect of heat at 60 and 70°C support the statement by Labuza, 
Santos and Roop (1970) that yeast cells are rapidly killed by temperatures above 60°C. Data 
documenting how well S. boulardii survives exposure to 50, 60 and 70°C for short periods of 
time (maximum 1.5 h) is very important. It is this temperature range (50-70°C) that matches the 
likely outlet temperature for spray drying of S. boulardii during microencapsulation provided that 
the inlet temperature is about 90°C and the flow rate is in the range of 8-12 ml/min. From the 
data reported herein, it is recommended that the outlet temperature be kept as close to 50°C as 
possible to maximize the survival of S. boulardii during microencapsulation by spray drying, as 
well as still being able to produce a dry culture at a moisture level below 8%. 
3.4.5 The effect of CaCl2 on the growth of S. boulardii in YNB broth 
From Figure 3.5 it can be seen that the addition of 50 mM (0.56%) of CaCl2 to YNB broth 
(with pre-existing 0.01% CaCl2 in the broth) did not have an effect on the growth profile of S. 
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boulardii. Fulmer, Nelson and Sherwood (1921) found that the CaCl2 level of up to 0.1% 
(minimum not stated) would stimulate yeast growth but further addition of CaCl2 up to 0.6% 
(maximum level trialled) had no effect. The level of CaCl2 (50 mM) selected to be trialled in this 
study was based on our preliminary studies (data not included here) indicating that 50 mM of 
CaCl2 was needed to improve the effectiveness of whey protein isolate as encapsulator in the 
high-solid matrix of a microcapsule. 
With or without 50 mM CaCl2, the growth profile of S. boulardii in YNB broth and the 
change in the broth pH during S. boulardii growth was similar to that reported in Section 3.4.3, as 
follows: there was no identifiable lag phase, the exponential phase continued for up to 16 h 
before the stationary phase sets in, and the pH of the broth decreased to 3.0 after 16 h of 
incubation at 37°C. 
3.4.6 Effect of spray drying on the survival of microencapsulated S. boulardii  
For spray drying, we used an initial and relatively high load of 9.03 log cfu/g dry weight 
of S. boulardii, and this was reduced to 7.55-7.62 log cfu/g following thermal treatment. As 
shown in Figure 3.6, the reduction was about 1½ logs, i.e. 95% microbial kill. 
This outcome is not surprising given that yeast cells are thermally sensitive and rapidly 
killed at temperatures above 60°C. The reduction by 1½ logs recorded in this Thesis is in the 
range of 1 to 3 logs (90% to 99.9%) reduction stated by several authors as the result expected in 
yeast viability following spray drying. (Labuza, Santos & Roop, 1970; Luna-Solano, Salgado-
Cervantes, Ramírez-Lepe, Garcia-Alvarado & Rodríguez-Jimene, 2000). 
Regardless of whether the outlet temperature of the spray drier (inlet temperature of 
90°C) was 50, 55 or 60°C (± 1°C), the survival level of S. boulardii was similar with treatment. 
As shown in Figure 3.6, all counts fall within 7.55 to 7.62 log cfu/g from an initial cell load of 
9.03 log cfu/g. This is equivalent to a survival level of ca. 3 %. A similar level of survival of the 
yeast in YNB broth was recorded for the experiments stated previously (Section 3.4.4). The effect 
of heating to 60°C for 2 min in YNB broth on the viability of S. boulardii resulted in cell number 
reduction of 1.8 log cfu/ml, which was equivalent to a survival level of only around 2% (Figure 
3.5).  
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According to Anandharamakrishnan, Rielly and Stapley (2007), a low outlet temperature 
in the spray dryer will lead to a low level of protein denaturation, and these authors went on to 
state that the outlet temperature could be used as a predictor of thermally induced degradation 
and cell damage. This study provided further insights into the effect of outlet temperature during 
spray drying on the viability of S. boulardii. Based on these results, the next study is designed to 
examine the effect of whey protein isolate on S. boulardii viability during this type of thermal 
processing.   
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Figure 3.1 Appearance of S. boulardii colonies on the surface of YM agar (a), below the surface 
of YM agar (b), and of stained cells (c); magnification of 1000x. 
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Figure 3.2 (a) Growth () of S. boulardii in YNB broth with the change in pH of the broth (), 
and (b) growth () of S. boulardii in YNB broth with the change in pH of the broth () in the 
presence of a phosphate buffer containing a salt strength of 50 mM of NaH2PO4.H2O and 
Na2HPO4.12 H2O.  
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Figure 3.3 (a) Survival of S. boulardii in YNB broths which were adjusted to pH of 2 (), 4 (), 
6 (), and 8 () with an initial cell load of 6.2 log cfu/ml, and (b) pH in the YNB broths during 
the growth of S. boulardii, with the broths being initially adjusted to pH of 2 (), 4 (), 6 (), 
and 8 () at the initial cell count of 6.2 log cfu/ml. 
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Figure 3.4 Survival of S. boulardii in YNB broths, at 37 (), 50 () and 60°C () and pH of 
5.6, which is the original pH of the broth (SD=1). 
 
Figure 3.5 Growth () of S. boulardii in YNB broth and change in pH of the broth () with 
added 50 mM CaCl2; solid symbols curves indicating the same parameters for the control without 
CaCl2 addition. 
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Figure 3.6 Effect of outlet temperature on the survival level of S. boulardii, with the inlet 
temperature remaining at 90°C and initial load of 9.03 log cfu/g (dried basis) for all experiments. 
 
 
 
 
 
 
 
 
 
 103 
 
3.5 Conclusion 
The growth profile of S. boulardii, as represented by viable cell count in YNB broths with 
and without added phosphate buffer or calcium, was similar. Furthermore, the treatments trialled 
produced a similarly low maximum cell density of ~107.5 cfu/ml from an initial inoculum of 
about 105 cfu/ml after 24 h incubation. 
 The effect of altering the pH of YNB broth to pH 4, 6 or 8 on growth of the yeast did not 
significantly affect either the growth profile or increase the maximum cell density. As expected, 
S. boulardii cells could survive (70% retention) exposure to pH 2 in YNB broth provided the 
exposure time was limited to about 1 h. This data relates to the conditions in the stomach and 
therefore is relevant to the issue of delivering an effective dosage to the required site (the colon). 
However, the organism needs to first survive the temperature conditions of the spray 
dryer if a practical powdered culture is to be produced. Although S. boulardii did survive at 50°C 
in YNB broth, it did not survive well if the broth temperature was increased to 60°C and cell 
reduction was even faster at 70°C. These temperatures were also corresponding to the outlet 
temperature range for microencapsulation of S. boulardii using spray drying.  
The survival of S. boulardii microencapsulated for spray drying was not affected by the 
outlet temperatures trialled within the range of 50 to 60°C. However, the number of viable yeast 
cells surviving spray drying with these outlet temperatures was low at around 3%. Therefore, 
subsequent research in this Thesis concentrated on evaluating and improving the effectiveness of 
whey protein isolate and other ingredients as the coating matrix for microencapsulation of S. 
boulardii. 
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Chapter 4 
 
The content of this chapter is from the Article in Press entitled “Studies on the viability of 
Saccharomyces boulardii within microcapsules in relation to the thermomechanical properties of 
whey protein”, Food Hydrocolloid, 2013, http://dx.doi.org/10.1016/j.foodhyd.2013.07.024. 
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Studies on the Viability of Saccharomyces boulardii 
within Microcapsules in Relation to the 
Thermomechanical Properties of Whey Protein 
 
4.1 Abstract 
Present work investigates the effectiveness of using whey protein isolate as an 
encapsulant for a biotherapeutic agent (Saccharomyces boulardii) under varying concentrations 
of protein and CaCl2. Viability of S. boulardii within the matrix of whey protein is highly 
dependent on the physicochemical properties of the protein network, and its response to various 
environmental stress factors including processing temperature, moisture content and change in 
pH. Our interest is to optimise the spray drying conditions of whey protein isolate, through 
observations from differential scanning calorimetry and small deformation dynamic oscillation 
on shear, in relation to the denaturation and subsequent aggregation of the globular molecules. It 
is evident from this work that protein concentration is directly proportional to the strength of the 
network, but inversely proportional to the denaturation temperature. Increasing concentrations of 
calcium chloride have a direct influence on electrostatic repulsion between protein molecules 
thus creating a better protein structure. Development of a cohesive network was used as a basis of 
manipulating the viability of S. boulardii under given conditions of spray drying. Analysis on 
spray dried powders suggests that whey protein preparations at the isoelectric point (pH ~5) and 
with CaCl2 addition of ~100 mM act as an efficient encapsulant providing high viability of S. 
boulardii. 
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4.2 Introduction 
Whey protein isolate is a mixture of β-lactoglobulin (50-55% w/w), α-lactalbumin (20-
25% w/w), bovine serum albumin and immunoglobulins (Abd El-Salam, El-Shibiny & Salem, 
2009; Qi & Onwulata, 2011). These globular proteins possess exposed hydrophilic and buried 
hydrophobic groups, which are capable of forming a wide range of cross-links when unfolded, 
and hence can produce water-soluble or water-insoluble matrices (de Witt, 1990). The structure 
and consistency of the whey protein networks vary depending on protein concentration, ionic 
strength, pH, temperature and degree of denaturation (de la Fuente, Singh & Hemar, 2002; 
Foegeding, Davis, Doucet & McGuffey, 2002). 
In food systems, whey protein is commonly dispersed in an aqueous phase at ambient 
temperature, which upon thermal treatment transforms into a polymeric network (Kessler & 
Beyer, 1991; Tolkach & Kulozik, 2007). This occurs due to the unfolding of globular 
conformation thereby exposing the hydrophobic core under the stimulation effect of thermal 
energy (Lorenzen & Schrader, 2006; Bryant & McClements, 1998; Hudson, Daubert & 
Foegeding, 2000). According to Kessler & Beyer (1991), once the undesirable effects of protein 
sedimentation is avoided, educated manipulation of the thermal transition in whey protein can be 
used to obtain desired textures for added value food products.  
Microencapsulation is a technique of enclosing and protecting highly sensitive materials 
from different environmental stresses and finds wide application in food, drugs and many other 
products (Thies, 2005). Microencapsulation controls the release of the core elements depending 
on the physiochemical properties of the encapsulant (Fang & Bhandari, 2010). Several methods 
have been developed for microencapsulation and the most relevant are spray drying, spray-
coating, emulsion, extrusion, and gel-particle technologies (Champagne & Fustier, 2007). In the 
food industry, spray drying is the most common microencapsulation method, since it is 
considered to be highly efficient and cost effective (Gharsallaoui, Roudaut, Chambin, Voilley & 
Saurel, 2007). The technique has been widely applied in encapsulating probiotic bacteria where 
the microorganisms successfully surpass extreme thermal conditions (Riveros, Ferrer & Bórquez, 
2009; Boza, Barbin & Scamparini, 2004). On application of whey protein as an encapsulant, it 
was found that Bifidobacterium breve exhibited a relatively high viability after being 
encapsulated through spray drying (Picot & Lacroix, 2004; Surawicz, Elmer, Speelman, 
MacFarland, Chinn & van Belle, 1989).  
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The yeast S. boulardii is considered to be a bio-therapeutic agent as it renders protection 
against antibiotic-induced diarrhoea, ulcerative colitis, and Crohn’s disease (Castagliuolo, 
Riegler, Valenick, Lamont & Pothoulakis, 1999; Guslandi, Mezzi, Sorghi & Testoni, 2000). By 
conducting an in-vitro study, Fietto, Araújo, Valadão, Fietto, Brandão & Neves (2004) and van 
der Aa Kühle, Skovgaard & Jespersen (2005) have found that S. boulardii is relatively tolerant to 
applied temperature, acidic pH, and bile salt up to 0.3% (w/w) in preparations. In terms of the 
anti-diarrheal effect, this biotherapeutic agent is typically administered freeze-dried, in an 
unprotected state as part of a capsule (Candelli, Nista, Nestola, Armuzzi, Silveri & Gasbarrini, 
2003). 
There is little knowledge regarding the microencapsulation of this probiotic using the 
energy efficient technique of spray drying, as compared to its costly counterpart of freeze drying. 
This understanding can serve as a means of improving the survival and hence the viability of this 
agent during gastrointestinal passage. The aim of this research, therefore, is to improve the 
delivery of S. boulardii through the use of microencapsulation technology employing a whey-
protein-based matrix. To this end, fundamental understanding of the rheological and thermal 
transition behaviour of the biopolymer matrix is required in order to develop an optimal capsule 
consistency.  
  
4.3 Materials and methods 
4.3.1 Materials 
Whey protein isolate: The material used was a product from Fonterra, Waikato, New 
Zealand. According to the certificate of analysis from the supplier, it contains 91.3% protein, 
0.7% fat, 3.5% moisture, 3.8% ash and 0.44% lactose. A solution of 10% (w/w) whey protein in 
distilled water gave a pH value of 6.3. The bulk density of the powder was reported to be 0.45 
g/ml. 
S. boulardii: Lyophilised culture of S. boulardii was obtained from Biocodex (Gentilly, 
France). Yeast cells were cultured to a concentration of ~107.5 cfu/ml at a late log phase in yeast 
nitrogen base (YNB) broth containing 1% D-glucose (BDH Merck, UK), which was harvested as 
biomass for spray drying with whey protein isolate suspensions. 
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Yeast malt extract (YM) agar:  Culture media contains bacteriological peptone (0.5%), 
yeast extract (0.3%), malt extract (0.3%), dextrose (1%) and agar (2%). 
 
4.3.2 Sample preparation and analysis 
Protein solution: Whey protein dispersions were prepared by mixing the protein powder 
in distilled water at neutral pH and ambient temperature. Solutions were stirred for approximately 
30 min using a magnetic stirrer to ensure proper dissolution. Dispersions were stored overnight at 
4 ± 1°C to achieve thorough hydration. Series of samples were prepared at a wide pH range by 
the dropwise addition of 1M NaOH or 1M HCl. Samples with distinct ionic strength were 
obtained by the addition of calcium chloride at concentrations ranging from 0 to 200 mM at pH 7. 
  Rheological measurements: Aggregation and subsequent structure formation of whey 
proteins were observed using AR-G2, a controlled strain rheometer with magnetic thrust bearing 
technology (TA Instruments, New Castle, DE). Small amplitude oscillation on shear was the 
technique of choice to characterize the viscoelastic properties of the protein network as a function 
of temperature. Whey protein samples were analysed using a parallel plate geometry of 40 mm 
diameter. Samples were loaded onto a Peltier plate at 25°C and the exposed edges were covered 
with silicone oil from BDH (50 cS) to prevent moisture loss. They were heated to 80°C at a ramp 
rate of 1 °C/min at a constant angular frequency and strain amplitude of 1 rad/s and 0.1%, 
respectively. This was followed by an isothermal run at that temperature for 30 mins and a 
cooling stage to 5°C at the same scan rate.  
Modulated Differential Scanning Calorimetry: Thermal measurements on whey protein 
systems were carried out with a modulated differential scanning calorimeter (DSC Q2000) from 
TA instruments (New Castle, DE). To enable accurate measurements, a traceable indium standard 
with Hf of 28.3 J/g and a sapphire standard were used to calibrate the heat flow signals and the 
heat capacity response, respectively. Hermetic aluminium Tzero pans for a sample size of 8 mg 
were employed. Weighed samples were equilibrated at 25°C for 2 minutes and then heated to 
100°C at a scan rate of 5 °C/min. During the experiment, at every 40 sec, a modulation rate of 
0.53°C was applied. 
Isolation and culturing of the yeast cells:  Commercially available freeze-dried yeast cells 
(0.1 g) were transferred into a sterile YNB broth (10 ml), which was incubated for 24 h at 37 ± 
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1°C. One ml of sample from the above incubated broth was serially diluted in 9 ml of saline 
(0.85%) solutions and plated onto YM culture media, which was incubated for 48 h to identify 
the colonies of the yeast. According to Larone (2011), yeast colonies can be distinguished by 
their whitish cream colour and circular shape, and upon magnification each yeast cell possesses 
an elliptical morphology. Yeast colonies obtained on YM media were confirmed by a 
microscopic investigation for cell morphology and purity.  
Identified colonies of yeast were then transferred to YNB broth (10 ml) and mixed 
thoroughly using a vortex mixer.  Following mixing, an aliquot of 1 ml was inoculated into the 
same broth line (YNB, 99 ml), and was incubated at 37 ± 1°C within 48 h. This served as the 
culture for the derivation of growth curves and subsequent microencapsulation studies. 
Microencapsulation of yeast with spray drying: Microcapsules were prepared by spray 
drying a whey protein suspension containing the culture of S. boulardii. Yeast cell preparations in 
their late log phase were centrifuged at 6,000 rpm at 4°C for 10 mins. Pellets obtained after 
centrifugation were washed twice using a sterile saline (0.85%) solution before resuspending into 
a whey protein dispersion (10%, w/w) at the required pH and concentration of CaCl2, with an 
average cell count of ~2x108 cfu/g on dried basis.  
Spray drying of the above sample was performed on LabPlant Spray Dryer SD-Basic 
(Labplant UK Ltd), which was operated in accordance with the instructions of the manufacturer. 
To ensure an even distribution of microorganisms throughout this process, the feed solution was 
continuously stirred using a magnetic stirrer. Whey protein suspensions were introduced to the 
spray dryer with the help of a peristaltic pump using the controlled settings of 4 kg/cm2 air 
pressure and an 8 to 12 ml per minute flow rate. The inlet air temperature of the system was 
80°C. The readout outlet temperature on the instrument control panel was within the range of 45 
to 50°C.  
Enumeration of yeast cells following encapsulation: To investigate the viability of yeast 
cells in the inoculation broth or in the spray dried product, 1 ml of the broth or 1 gr of 
microcapsule were resuspended in 9 ml of saline (0.85%) solution, which was constantly stirred 
to be dissolved. After the serial dilution, an aliquot of 0.1 ml was introduced to YM plates, which 
were incubated at 37 ± 1°C for 48 h to allow examination of the yeast colonies. 
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4.4 Results and discussions 
4.4.1 Growth characteristics of S. boulardii  
The microorganism has been widely accepted as a biotherapeutic agent, since it shows 
efficacy in the prevention/treatment of intestinal disorders including diarrhoea (McFarland & 
Bernasconi, 1993). It is believed that the beneficial effects of yeast are only obtained if sufficient 
live cells reach the large intestine following oral intake. Prior and after the ingestion of this 
probiotic yeast, much of viability is lost due to factors including thermal shock, gastric acidity, 
presence of other nutrients, etc. (Davis, Hardy, Taylor, Whalley & Wilson, 1984). Encapsulation 
has been known as an effective way to protect sensitive materials including probiotics against 
adverse environmental factors, and we aim to understand presently the optimum conditions for 
encapsulation of S. boulardii using whey protein isolate as the encapsulant.  
Figure 4.1a shows the general growth characteristics of S. boulardii in yeast nitrogen base 
broth (YNB) containing sufficient concentration of nitrogen, minerals and vitamins at its natural 
pH of 5.6. The microorganism was introduced to YNB broth at a cell count of log 5 cfu/ml (zero 
incubation time). The first four hours of incubation represent the lag phase, where the cell 
multiplication is relatively slow. Incubation period up to 16 h represents the second phase of cell 
division and reproduction where cell multiplication is at its peak, with the cell count being 
approximately 107.5 cfu/ml. The growth curve reaches an equilibrium phase after 16 h of 
incubation, and the duration of this phase is determined by the level of nutrients in media and the 
microbe. Yeast species have certain growth-factor requirements that don’t allow further growth 
without the addition of nutrients to the culture medium (Walker, 2004). Further incubation did 
not reach the presence of the death phase of S. boulardii with accompanying dramatic reduction 
in the cell count. For subsequent microencapsulation studies, yeast cells were harvested not later 
than 16 h of incubation to ensure high yield and activity.  
Figure 4.1b represents the growth characteristics of S. boulardii in YNB broth as a 
function of pH varying from 2 to 8, which was presented as Figure 3.3a in Chapter 3. It is clear 
from these observations that pH values between 4 and 6 provide optimum growth conditions 
where the lag phase is considerably low. Yeast cells quickly adapt to the environmental 
conditions and enter the log phase during incubation within this pH range. For the system at pH 
8, the initial lag phase extends to almost 12 h of incubation followed by the multiplication phase. 
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This indicates that S. boulardii adapts to alkaline conditions after a relatively prolonged lag 
phase. It appears that the acidic environment of pH 2 does not favour the growth of yeast cells, as 
depicted in Figure 4.1b. During 24 h of incubation, the microbial culture does not enter the log 
phase, and instead, the cell count drops dramatically over the time frame of this experimentation. 
 
4.4.2 Calorimetric observation of whey protein denaturation  
In order to design a better encapsulant for S. boulardii, the thermal transition of whey 
protein isolate under different concentrations of the material (10-30%, w/w), ionic strength (0-
200 mM) and a wide range of pH (4-7) were investigated. Figure 4.2a represents the thermal 
denaturation of whey protein at different levels of solids. The mid-point denaturation temperature 
of the endothermic peak acts as an index of convenience for further discussions (Boye, Alli, 
Ismail, Gibbsb & Konish, 1995). This mid-point shifts to lower temperature as we increase the 
protein concentration. It is recorded at 72.1°C for 10% whey protein but as the polymer 
concentration is raised to 30%, the mid-point transition temperature shifts to 68.9°C. According 
to Tobitani & Ross-Murphy (1997), increase in the amount of globular protein in systems induces 
early denaturation followed by aggregation. This has been attributed to higher levels of 
hydrophobic groups in the high solid system being able to engage in early network formation.   
Figure 4.2b represents the denaturation of 10% whey protein samples as a function of 
adjusted pH. It is clear that systems made at pH values close to the isoelectric point (4 to 5) 
exhibit a late denaturation event recorded presently at mid-point transition temperatures above 
77°C. At the isoelectric point, the surface charge of molecules becomes neutral resulting in 
reduced electrostatic repulsion that facilitates strong chain interaction and protein denaturation 
with high energy requirements (Shah, Ikeda, Davidson & Zhong, 2012; Alting, Weijers, de Hoog, 
de Pijpekamp, Stuart & Hamer, 2004).  
In the last part of this work, Figure 4.2c depicts the effect of CaCl2 on the denaturation of 
whey protein isolate (10%, w/w) at pH 7. Concentration of the counterion has been varied 
between 0 and 200 mM in whey protein dispersions and its impact on thermal denaturation has 
been investigated. Increase in the ionic strength of the system by the addition of calcium chloride 
reduces the electrostatic repulsion between the macromolecules to promote protein-protein 
interaction. The experimental range of added counterions changes considerably the ionic strength 
of the medium, but there is no considerable variation in the mid-point denaturation temperatures. 
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These vary in no particular order between 70 and 72°C. This is an outcome according to 
experience; as with CaCl2 addition over 10 µM, the physicochemical properties of whey protein 
gels behave disorderly due to the effect of large aggrergates formed (Mulvihill & Kinsella, 1988).  
 
4.4.3 Structural properties of whey protein isolate 
In order to support the observations obtained by DSC in the preceding section, the 
mechanical properties of protein denaturation were investigated using small deformation dynamic 
oscillation on shear. Mechanical spectroscopy has been established as an effective method to 
study the structure-function relationships of biomaterials undergoing a thermodynamic transition. 
Upon heating, globular molecules unfold to create a polymeric network, which is the outcome of 
protein aggregation. Rheologically this means that values of the elastic modulus (G') of whey 
protein will increase with thermal denaturation.   
Figure 4.3a illustrates the mechanical spectra obtained for 10% (w/w) whey protein 
isolate during heating to 80°C, holding there for 30 mins and then cooling to 5°C in acidic and 
alkaline conditions (pH 4-8). For systems at pH 4 and 5, the development of storage modulus is 
observed at temperatures below 70°C. Preparations close to the isoelectric point have reduced 
electrostatic repulsion and enhanced protein-protein interactions, which leads to early 
agglomeration (Britten & Giroux, 2001). On the other hand, whey protein systems adjusted to 
neutral or alkaline conditions, for example at pH 7, require an isothermal run of at least 20 min 
before they exhibit vestiges of network formation at 80°C.  
Figure 4.3b reproduces the values of elastic modulus at 5°C for distinct concentrations of 
whey protein (10-14%, w/w), following thermal treatment at 80°C, as a function of pH. In 
accordance to observations in Figure 4.3a, systems with pH values close to the isoelectric point 
form a three dimensional structure with reduced values of elastic modulus. In contrast, increasing 
the pH to neutral and alkaline regimes reinforces the polymeric network of whey protein. This is 
due to highly cooperative protein chains, which greatly unfold in an alkaline environment thereby 
exposing more reactive sites for crosslinking and eventual network development (Boye et al., 
1995; Monahan, German & Kinsellat, 1995). 
Apart from pH, ionic strength is another vital parameter that alters the structural 
properties of a globular protein network, and this effect is examined in Figures 4.4(a–b). It is 
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evident that addition of calcium chloride leads to earlier structure formation and stronger 
networks in Figure 4.4a, as compared to preparations without the counterion. Once this effect is 
exhausted, whey protein suspensions at pH 7 with CaCl2 at 50, 100, 200 mM do not show 
considerable variability in gelling characteristics. Crosslinking of adjacent protein molecules by 
forming protein-Ca2+-protein bridges induces early aggregation and network formation in whey 
protein; to some extent, however, behaviour depends on incubation time, and protein or added 
salt concentration (Ju & Kilara, 1998; Vardhanabhuti, Foegeding, McGuffey, Daubert & 
Swaisgood, 2001). 
Figure 4.4b summarizes experimental data on the effect of protein concentration (10-14%, 
w/w) in thermally induced polymeric networks with added calcium chloride at pH 7. As 
expected, high protein concentrations result in strong networks at every level of calcium ion 
addition. Further, whey protein networks are reinforced with calcium chloride addition up to 100 
mM, but further counterion presence results in a downward trend in mechanical strength. This 
outcome should be attributed to the formation of random and extended protein aggregates of 
reduced interfacial functionality at saturating levels of calcium chloride, as opposed to a highly 
functional “string-of- beads” type of network at a low ionic strength regime. 
 
4.4.4 Viability of S. boulardii in spray dried microcapsules made of whey protein isolate 
The nature of denaturation and subsequent aggregation of whey protein has an effect on 
the quality of the crust formed in spray dried capsules (Anandharamakrishnan, Rielly & Stapley 
(2007). Rapid crust formation on the surface of drying particles acts as a protective shield leading 
to the retention of the core material (Young, Sarda & Rosenberg (1993). Therefore, the 
relationship between physicochemical behaviour of coating material and capsulant quality is 
needed to develop systems on a sound technological basis.  
Following the thermomechanical study of whey protein isolate described earlier, spray 
drying was performed with inlet and outlet temperatures of 80 and 45-50°C, respectively. 
Viability of S. boulardii within the spray dried particles of whey protein at different pH and 
CaCl2 concentrations is presented in Figure 4.5 and 4.6, respectively. The former shows that 
whey protein dispersions at pH 4 and 5 produce microcapsules with a high survival rate of S. 
boulardi with cell count above log 7 cfu/g (cell count before spray drying was log 8 cfu/g). 
However, the viability of the microorganisms is compromised as the alkalinity of the whey 
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protein matrix is increased. This outcome should be related to the structural behavior of whey 
proteins discussed in Figure 4.3a, where protein suspensions with a pH value close to the 
isoelectric point undergo early agglomeration.  Rapid structure formation shields early the yeast 
cells against the thermal shock of spray drying, and this appears to be the primary mechanism of 
concern in probiotic viability, as compared to the high network strength of mature whey protein 
matrices in neutral and alkaline pH (Figure 4.3b).  
Complementary to this, the role of calcium chloride addition on the structural integrity of 
the whey protein matrix relates to the viability of S. boulardii. This is shown in Figure 4.6 for 
spray dried microcapsules at pH 7. Changes in network integrity of whey protein by calcium ion 
addition at various concentrations were examined in Figure 4.4b. It was demonstrated that 100 
mM CaCl2 have a positive effect on network formation of the globular protein. Congruent to this 
observation, S. boulardii shows a high percentage of viability in the presence of the counterions 
at about 100 mM with cell count above log 7 cfu/g (cell count before spray drying was log 8 
cfu/g). This result strongly argues for the desirable effect of a cohesive and homogeneous 
polymeric matrix on the viability of probiotics as part of a spray dried capsule.  
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Figure 4.1 Growth of S. boulardii (a) in native yeast nitrogen base broth (YNB) of pH 5.6, and 
(b) in pH adjusted YNB of 2 (), 4 (), 6 () and 8 () at 37°C. 
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Figure 4.2 Heat flow signals for (a) whey protein isolate at concentrations 10, 12, 14, 15 and 
30% (w/w) at pH 7, (b) 10% whey protein (w/w) at pH 4, 5, 6 and 7, and (c) 10% whey protein 
isolate (w/w) at pH 7 with CaCl2 at concentrations of 0, 50, 100 and 200 mM arranged 
successively downwards (scan rate: 5 °C/min).  
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Figure 4.3 (a) Development of storage modulus for 10% (w/w) whey protein isolate at pH 4 (○), 
5 (◊), 6 (□), 7 (♦) and 8 (∆) scanned at 1 °C/min, and (b) values of storage modulus for whey 
protein isolate at concentrations of 10 (●), 12 (■) and 14% (▲) within the pH range of 4 to 8 
measured at 5°C after thermal denaturation. 
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Figure 4.4 (a) Development of storage modulus for 10% (w/w) whey protein isolate with CaCl2 
at concentrations of 0 (∆), 50 (♦), 100 (□) and 200 (○) mM scanned at 1 °C/min, and (b) whey 
protein isolate at concentrations of 10 (♦), 12 (■) and 14% (▲) at various concentration of CaCl2 
(0-200 mM), pH 7 and measured at 5°C after thermal denaturation. 
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Figure 4.5 Viability of S. boulardii in spray dried whey protein microcapsules within the pH 
range of 4 to 8. 
 
 
Figure 4.6 Viability of S. boulardii in spray dried whey protein microcapsules with added CaCl2 
concentrations of 0, 50, 100 and 200 mM at pH 7. 
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4.5 Conclusions 
The present work deals with the structural behaviour of whey protein isolate, at different 
concentrations of the globular protein, calcium-induced ionic strength and over a wide range of 
adjusted pH values, to optimise the experimental conditions for the manufacture of spray dried 
microcapsules with a high viability of S. boulardii. Adjusting the pH of the whey protein 
dispersion close to the isoelectric point of the globular macromolecules, enhances the viability of 
S. boulardii as the physicochemical conditions are thus optimized for early protein-chain 
agglomeration and crust formation. This infers that the kinetics of aggregate formation have a 
crucial role in maintaining the viability of yeast cells, as opposed to the ultimate network strength 
formed over an extended thermal treatment. In addition, the presence of CaCl2 has a positive 
impact on the viability of yeast cells as it helps in maintaining the network integrity of the whey-
protein encapsulant. Thermomechanical properties of whey protein and their manipulation 
thereof play a critical role in the production of required microcapsules for probiotic survivability 
on spray drying. 
 
 
 
 
 
 
 
 
 
 
 
 126 
 
4.6 References 
Abd El-Salam, M. H., El-Shibiny, S., & Salem, A. (2009). Factors Affecting the Functional 
Properties of Whey Protein Products: A Review. Food Reviews International, 25, 251–
270. 
Alting, A. C., Weijers, M., de Hoog, E. H. A., de Pijpekamp, A. M. V., Stuart, M. A. C., & 
Hamer, R. J. (2004). Acid-induced cold gelation of globular proteins: effects of protein 
aggregate characteristics and disulfide bonding on rheological properties. Journal of 
Agricultural and Food Chemistry, 52, 623-631. 
Anandharamakrishnan, C., Rielly, C. D., & Stapley, A. G. F. ( 2007). Effects of process variables 
on the denaturation of whey proteins during spray drying. Drying Technology, 25, 799-
807. 
Boye, J. I., Alli, I., Ismail, A. A., Gibbs, B. F., & Konish, Y. (1995). Factors affecting molecular 
characteristics of whey protein gelation. International Dairy Journal, 5, 337-353. 
Boza, Y., Barbin, D., & Scamparini, A. R. P. (2004). Effect of spray-drying on the quality of 
encapsulated cells of Beijerinckia sp. Process Biochemistry, 39, 1275–1284. 
Britten, M., & Giroux, H. J. ( 2001). Acid-induced gelation of whey protein polymers - effect of 
pH and calcium concentration during polymerization. Food Hydrocolloids, 15, 609-617. 
Bryant, C. M., & McClements, D. J. (1998). Molecular basis of protein functionality with special 
consideration of cold-set gels derived from heat-denatured whey. Trends in Food Science 
& Technology, 9, 143-151. 
Candelli, M., Nista, E. C., Nestola, M., Armuzzi, A., Silveri, N. G., & Gasbarrini, G. (2003). 
Saccharomyces cerevisiae-associated diarrhea in an immunocompetent patient with 
ulcerative colitis. Journal of Clinical Gastroenterology, 36, 39-40. 
Castagliuolo, I., Riegler, M. F., Valenick, L., Lamont, J. T., & Pothoulakis, C. (1999). 
Saccharomyces boulardii protease inhibits the effects of Clostridium difficile toxins A 
and B in human colonic mucosa. Infection and Immunity, 67, 302-307. 
 127 
 
Champagne, C. P., & Fustier, P. (2007). Microencapsulation for the improved delivery of 
bioactive compounds into foods. Current Opinion in Biotechnology, 18, 184-190. 
Davis, S. S., Hardy, J. G., Taylor, M. J., Whalley, D. R., & Wilson, C. G. (1984). A comparative 
study of the gastrointestinal transit of a pellet and tablet formulation. International 
Journal of Pharmaceutics, 21, 167-177. 
de la Fuente, M. A., Singh, H., & Hemar, Y. (2002). Recent advances in the characterisation of 
heat-induced aggregates and intermediates of whey proteins. Trends in Food Science & 
Technology, 13, 262–274. 
de Wit, J. N. (1990). Thermal stability and functionality of whey proteins. Journal of Dairy 
Science, 73, 3602-3612. 
Fang, Z., & Bhandari, B. (2010). Encapsulation of polyphenols: a review. Trends in Food Science 
& Technology, 21, 510-523. 
Fietto, J. L. R., Araújo, R. S., Valadão, F. N., Fietto, L. G., Brandão, R. L., Neves, M. J., Gomes, 
F. C. O., Nicoli, J. R., & Castro, I. M.  (2004). Molecular and physiological comparisons 
between Saccharomyces cerevisiae and Saccharomyces boulardii. Canadian Journal of 
Microbiology, 50, 615-621. 
Foegeding, E. A., Davis, J. P., Doucet, D., & McGuffey, M. K. (2002). Advances inmodifying 
and understanding whey protein functionality. Trends in Food Science & Technology, 13, 
151–159. 
Gharsallaoui, A., Roudaut, G., Chambin, O., Voilley, A., & Saurel, R. (2007). Applications of 
spray-drying in microencapsulation of food ingredients: an overview. Food Research 
International, 40, 1107–1121. 
Guslandi, M., Mezzi, F. G., Sorghi, M., & Testoni, P. A. (2000). Saccharomyces boulardii in 
maintenance treatment of Crohn’s disease. Digestive Diseases and Sciences, 45, 1462-
1464. 
 128 
 
Hudson, H. M., Daubert, C. R., & Foegeding, E. A. (2000). Rheological and physical properties 
of derivitized whey protein isolate powders. Journal of Agricultural and Food Chemistry, 
48, 3112-3119. 
Ju, Z. Y., & Kilara, A. (1998). Aggregation induced by calcium chloride and subsequent thermal 
gelation of whey protein isolate. Journal of Dairy Science, 81, 925-931. 
Kessler, H. G., & Beyer, H. J. (1991). Thermal denaturation of whey proteins and its effect in 
dairy technology. International Journal of Biological Macromolecules, 13, 165-173. 
Larone, D. H. (2011). Medically important fungi. A guide to identification (5th ed.). Washington, 
DC: ASM Press, (Part II). 
Lorenzen, P. C., & Schrader, K. (2006). A comparative study of the gelation properties of whey 
protein concentrate and whey protein isolate. Lait, 86, 259-271. 
McFarland, L. V., & Bernasconi, P. (1993). Saccharomyces boulardii: a review of an innovative 
bio therapeutic agent. Microbial Ecology in Health and Disease, 6, 157-171. 
Monahan, F. J., German, J. B., & Kinsellat, J. E. (1995). Effect of pH and temperature on protein 
unfolding and thiol/disulfide interchange reactions during heat-induced gelation of whey 
proteins. Journal of Agricultural and Food Chemistry, 43, 46-52. 
Mulvihill, D. M., & Kinsella, J. E. (1988). Gelation of β-Lactoglobulin: effects of sodium 
chloride and calcium chloride on the rheological and structural properties of gels. Journal 
of Food Science, 53, 231-236. 
Picot, A., & Lacroix, C. (2004). Encapsulation of bifidobacteria in whey protein-based 
microcapsules and survival in simulated gastrointestinal conditions and in yoghurt. 
International Dairy Journal, 14, 505-515. 
Qi, P. X., & Onwulata, C. I. (2011). Physical properties, molecular structures, and protein quality 
of texturized whey protein isolate: effect of extrusion temperature. Journal of Agricultural 
and Food Chemistry, 59, 4668–4675. 
Riveros, B., Ferrer, J., & Bórquez, R. (2009). Spray drying of a vaginal probiotic strain of 
Lactobacillus acidophilus. Drying Technology, 27, 123-132. 
 129 
 
Shah, B., Ikeda, S., Davidson, P. M., & Zhong, Q. (2012). Nanodispersing thymol in whey 
protein isolate-maltodextrin conjugate capsules produced using the emulsion–evaporation 
technique. Journal of Food Engineering, 113, 79-86. 
Surawicz, C. M., Elmer, G. W., Speelman, P., MacFarland, L. V., Chinn, J., & van Belle, G. 
(1989). Prevention of antibiotic-associated diarrhea by Saccharomyces boulardii: a 
prospective study. Gastroenterology, 96, 981-988. 
Thies, C. (2005). A survey of microencapsulation processes. In S. Benita (Ed.), 
Microencapsulation: methods and industrial applications  (pp. 1-19). New York: Marcel 
Dekker Inc. 
Tobitani, A., & Ross-Murphy, S. B. (1997). Heat-induced gelation of globular proteins. 1. Model 
for the effects of time and temperature on the gelation time of BSA gels. Macromolecules, 
30, 4845-4854. 
Tolkach, A., & Kulozik, U. (2007). Reaction kinetic pathway of reversible and irreversible 
thermal denaturation of β-lactoglobulin. Lait, 87, 301–315. 
van der Aa Kühle, A., Skovgaard, K., & Jespersen, L. (2005). In vitro screening of probiotic 
properties of Saccharomyces cerevisiae var. boulardii and food-borne Saccharomyces 
cerevisiae strains. International Journal of Food Microbiology, 101, 29-39. 
Vardhanabhuti, B., Foegeding, E. A., McGuffey, M. K., Daubert, C. R., & Swaisgood, H. E. 
(2001). Gelation properties of dispersions containing polymerized and native whey 
protein isolate. Food Hydrocolloids, 15, 165-175. 
Walker, G. M. (2004). Yeast. In M. Schaechter (Ed.), The Desk Encyclopedia of microbiology 
(pp. 1102-1114). San Diego: Elsevier Academic Press. 
Young, A. L., Sarda, X., & Rosenberg, M. (1993). Microencapsulating properties of whey 
proteins. 1. Microencapsulation of anhydrous milk fat. Journal of Dairy Science, 76, 
2868-2877. 
 
 
 130 
 
 
 
 
 
 
Chapter 5 
 
The content of this chapter is from the Article entitled “Effect of whey protein 
agglomeration on spray dried microcapsules containing Saccharomyces boulardii”, vol. 141, pp. 
1782-1788, published by Food Chemistry, 2013. 
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Effect of Whey Protein Agglomeration on Spray Dried 
Microcapsules Containing Saccharomyces boulardii 
 
5.1 Abstract 
This work investigates the effect of whey protein agglomeration on the survivability of S. 
boulardii within spray dried microcapsules. It attempts to go beyond phenomenological 
observations by establishing a relationship between physicochemical characteristics of the 
polymeric matrix and its effect on probiotic endurance upon spray drying. It is well known that 
this type of thermal shock has lethal consequences on the yeast cells. To avoid such undesirable 
outcome, we take advantage of the early agglomeration phenomenon observed for whey protein 
by adjusting the pH value of preparations close to isoelectric point (pH 4-5). During the 
subsequent process of spray drying, development of whey protein agglomerates induces 
formation of an early crust, and the protein in this molten globular state creates a cohesive 
network encapsulating the yeast cells. It appears that the early crust formation at a given sample 
pH and temperature regime during spray drying benefits the survivability of S. boulardii within 
microcapsules. 
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5.2 Introduction 
 Whey protein is a valuable by-product of the cheese industry and finds application in a 
wide range of dairy/non-dairy beverages, desserts and meat products (Anandharamakrishnan, 
Rielly & Staply, 2007). It is mainly a mixture of β-lactoglobulin, α-lactalbumin, bovine serum 
albumin and immunoglobulins with an isoelectric point at pH ~ 5 (Fitzsimons, Mulvihill & 
Morris, 2006). Whey protein physiochemical properties make it suitable for nutraceutical 
applications, including controlled or targeted delivery in the release of bioactive 
compounds/substances (Gunasekaran, Xiao & Ould Eleya, 2006). It possesses an excellent 
balance of essential and sulphur containing amino acids, and this nutritional quality is often 
highlighted in health and sports supplements. However, various processing conditions 
compromise this nutritional quality and the proper reconstitution upon hydration following 
thermal denaturation, thus, it seldom exhibits both techno- and biofunctionality in chorus 
(Daemen & van der Stege, 1982).  
The native state of globular proteins occurs from the primary to the quaternary 
conformation through stabilised interactions between adjacent peptide chains. Changes in 
environmental conditions, including temperature or pressure increase and variation in pH, 
disrupts this native globular conformation, which renders the protein biologically inactive. The 
unfolded protein state allows enhanced hydrophobic forces, hydrogen bonding and disulphide-
sulphydryl interactions, which result in aggregation, coagulation or even precipitation (Pelegrine 
& Gasparetto, 2005; Terebiznik, Buera & Pilosof, 1997). To date, the precise effect of 
microencapsulation via, for example, spray drying on molecular aspects of the protein structure is 
a subject of considerable interest. Microencapsulation protects and then releases the core 
inclusion depending on the physiochemical property of the wall material (Fang & Bhandari, 
2010).  
Spray drying is the most common and cost effective method to produce encapsulated food 
and pharmaceutical products; in comparison to freeze drying, it is thirty times cheaper for product 
manufacture (Desobry, Netto & Labuza, 1997). As proposed by Shahidi and Han (1993), the 
reason of using encapsulated products in the food industry is to isolate and protect the core 
material from the outside environment, to reduce the transfer rate of core material to the exterior, 
and to mask the sensory attributes of the core substance.  Encapsulation through spray drying has 
 133 
 
been carried out on probiotic bacteria (Lactobacilli, Bifidobacteria, etc.) and the relatively heat 
stable yeast (Picot & Lacroix, 2004; Favaro-Trindade & Grosso, 2002).  
S. boulardii is a non-pathogenic yeast and is considered as a biotherapeutic agent. Clinical 
studies have proven its efficacy in treatment or prevention of intestinal disorders including 
antibiotic associated diarrhoea (Kotowska, Albrecht & Szajewska, 2005), traveller’s diarrhoea 
(Elmer & McFarland, 2001), and recurrent Clostridium difficile disease (Elmer, McFarland, 
Surawicz, Dankos & Greenberg, 1999). To achieve the above benefits, sufficient amount of live 
yeast cells need to reach the large intestine but, in reality, many of the cells are inactivated by the 
extreme conditions within the gastrointestinal tract, i.e. gastric acidity and bile to name but a few 
(Klein, Elmer, McFarland, Surawicz & Levy, 1993). Microencapsulation of yeast with an 
appropriate encapsulant can serve as an efficient method to deliver sufficient live and active cells 
to the large intestine.  
The present research reports on avenues that may be used for attaining maximum 
survivability of yeast within whey protein microcapsules obtained by spray drying. The thermal 
treatment during spray drying has a lethal effect on the yeast cells as well on the globular 
conformation of protein molecules that undergo denaturation. We have attempted, therefore, to 
manipulate the pH range of the feed solution (from 4 to 6) in order to produce microcapsules that 
possess viable yeast cells within a moderately denatured protein matrix. 
 
5.3 Materials and methods 
5.3.1 Materials 
5.3.1.1 Whey protein isolate 
The material used was a product from Fonterra Company, Waikato, New Zealand. 
According to the supplier, the bulk density of the whey protein isolate powder was 0.45 g/ml. As 
per product specification, it contains 91.3% protein, 0.7% fat, 3.5% moisture, 3.8% ash and 
0.44% lactose. 
  
 
 
 
 134 
 
5.3.1.2  S. boulardii 
Lyophilized yeast cells were obtained from Biocodex (Gentilly, France). Yeast cells were 
cultured to a concentration of 107.5 cfu/ml (peak of the log phase) in yeast nitrogen base broth 
(YNB) containing 1% D-glucose (BDH Merck, UK).  
 
5.3.1.3 Yeast malt extract (YM) agar 
 This culture media contained bacteriological peptone (0.5%), yeast extract (0.3%), malt 
extract (0.3%), dextrose (1%) and agar (2%), and it was used presently for further growth and 
identification of the yeast colonies. 
 
5. 3.2 Sample preparation and analysis 
5.3.2.1 Whey protein dispersions 
These were prepared by mixing the protein powder (20%, w/w) in distilled water at 
ambient temperature (~24°C) to produce a solution of unbuffered “natural” pH of 6.6 to 6.7. 
Dispersions were made using a magnetic stirrer for 30 min to ensure proper dissolution and 
stored at 4°C overnight to achieve thorough hydration. Dropwise addition of 1 M NaOH or 1 M 
HCl solution was used to obtain samples at the required pH range.  
 
5.3.2.2 Rheological analysis 
Denaturation and subsequent structure formation of whey proteins (20%, w/w) were 
examined using a controlled strain rheometer AR-G2 (TA Instruments, New Castle, DE). 
Viscoelastic property of the whey protein gel as a function of temperature was characterized by 
small-amplitude oscillation in shear using a parallel-plate geometry of 40 mm in diameter. 
Samples were loaded on a Peltier plate at 25°C with the outer edges being covered in silicone oil 
from BDH (50 cS) to minimise moisture loss. Temperature of the system was raised to 85°C at a 
scan rate of 1 °C/min followed by an isothermal run of 20 min at the same temperature. A 
constant angular frequency and strain of 1 rad/s and 0.1%, respectively, were maintained 
throughout the experimental routine.   
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5.3.2.3 Differential scanning calorimetry 
These experiments were performed using Setaram Micro DSC VII (Setu-rau, Caluire, 
France). To analyze the effect of temperature on the chemistry of protein molecules, native whey 
protein samples at pH 4, 5 and 6 (20%, w/w) were placed in 850 mg cell with an equal amount of 
distilled water in the reference pan. Samples were stabilized for one hour before the experimental 
run from 25 to 95°C and a scan rate of 1 °C/min. The mid-denaturation temperature (Tmid) that 
corresponds to the maximum of the transition peak was determined using Setaram proprietary 
software. 
To determine the extent of protein denaturation during spray drying, the microcapsules of 
whey powder from the spray dryer were resuspended in distilled water to a concentration of 20% 
(w/w) with the aid of a magnetic stirrer, and refrigerated at 4 ± 1°C for 12 h. Samples were then 
subjected to thermal treatment at the same temperature regime as for the whey protein gels of the 
preceding paragraph. 
 
5.3.2.4 Fourier transform infrared spectroscopy 
Conformational aspects of the protein molecules, obtained in the form of a white powder 
after spray drying at different inlet temperatures, were examined using a Perkin Elmer Spectrum 
100 FTIR spectrometer (MA, USA). Sample spectra were recorded in the absorbance mode. For 
each spectrum, an average of four scans was recorded at 8 cm-1 resolution in the wavenumber 
range of 800–4000 cm-1 after background subtraction to ensure elimination of extraneous 
artifacts. The Perkin Elmer Spectrum 100 utilizes a “smart, plug-play-and-go” Universal-ATR 
(UATR) technology, which ensured that sample loading was consistent throughout our work. 
 
5.3.2.5 Isolation and culturing of yeast cells 
Commercially available freeze-dried cells of S. boulardii (0.1 g) were transferred into 10 
ml of a sterile YNB broth (a nutritious material used for the growth of yeast cells) to incubate for 
24 h at 37 ± 1°C. The outcome is a cloudy liquid medium, and 1 ml of that sample was serially 
diluted in 9 ml of saline solution (0.85% of NaCl) and plated onto YM culture media to incubate 
for 48 h at 37 ± 1°C; this clear and solid-like medium is needed to identify the yeast colonies and 
assist with the enumeration of the cell mass.  
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Colonies of yeast that have been identified as S. boulardii from YM media and under a 
light microscope (methods illustrated in Section 3.3.3) were transferred into 10 ml of YNB broth, 
by the use of a sterile loop, for further growth; thorough mixing was implemented with a vortex 
mixer. An aliquot of 1 ml of the above broth was inoculated to the same broth line (YNB, 99 ml), 
and incubated at 37 ± 1°C to 12 h (within the log phase of S.boulardii). This prepration served as 
the culture of the probiotic for subsequent microencapsulation work. 
 
5.3.2.6 Microencapsulation of yeast with spray drying 
Microencapsulation was performed by spray drying a whey protein suspension containing 
the culture of S. boulardii. In doing so, yeast cells were harvested from the late log growth phase, 
and 100 ml of broth containing yeast cells were centrifuged at a relative centrifugal force of 
3,944g at 4 ± 1°C for 10 min. Precipitated pellets obtained after centrifugation were washed 
using a saline solution and then added to whey protein (20%, w/w) dispersions, with an average 
cell count of ~2x108 cfu/g dried basis. 
 Spray drying of the samples was performed using LabPlant Spray Dryer SD-Basic 
(Labplant UK Ltd) with the help of a peristaltic pump and controlled settings of air pressure at 
4.0 kg/cm2 with a flow rate of 8 to 12 ml per min. Inlet temperatures varied between 70 and 90°C 
in accordance to our experimental design. The reading of outlet temperature on the instrument’s 
control panel was within the range of 45 to 50°C. To ensure an even distribution of 
microorganisms throughout the process, the feed solution was continuously stirred using a 
magnetic stirrer.     
 
5.3.2.7 Enumeration of yeast cells after encapsulation 
To investigate the viability of yeast cells in the inoculation broth prior to spray drying or 
in spray dried samples, 1 ml of the broth or 1 g of microcapsules was suspended in 9 ml of saline 
(0.85%, w/w) with constant stirring. After serial dilution, an aliquot of 0.1 ml was transferred to 
YM plates to identify and enumerate the actual growth of the probiotic. Plates were then 
incubated at 37 ± 1°C for 48 h for plate count analysis of S. boulardii colonies. 
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5.3.2.8 Scanning electron microscopy 
Micrographs of the microcapsules were obtained using FEI Quanta 200 SEM (Hillsboro, 
Oregon, USA). Samples were analysed under conditions of high vacuum (straightforward) SEM 
mode at an accelerating voltage of 30 kV and pressure of 0.52 torr, which produced high quality 
microscopic images at the preset magnification. 
 
5.4    Results and discussions 
5.4.1 Growth profile of S. boulardii in varying pH conditions 
Acidic and alkaline environments play a critical role in the metabolic functions of 
microorganisms, which affect their growth patterns in model systems and food preparations. To 
understand the growth conditions of the present probiotic yeast, S. boulardii was inoculated at a 
concentration of log 6.2 cfu/ml into the nutrient media of YNB broth with various pH conditions 
(from pH 2 to 8).  
Figure 5.1 represents the cell count of S. boulardii after 12 h of incubation at 37°C in the 
pH-adjusted YNB broth. This incubation time is considered to be within the growth phase for this 
probiotic yeast reported recently in Chapter 3 of this Thesis and by Duongthingoc, George, 
Gorczyca, Katopo & Kasapis (2013). It is evident from the present observations that pH values 
between 4 and 6 provide optimal conditions for the survival of the microorganism. On the other 
hand, the alkaline environment of preparations at pH 8 restricts the rapid proliferation of the yeast 
cells but can maintain the cell count above log 6.2 cfu/ml. Finally, it appears that the extreme 
acidic environment of pH 2 does not favour growth, with cell counts being depleted to about log 
5.49 cfu/ml in Figure 5.1. 
 
5.4.2 Mechanical properties of whey protein systems as a function of pH 
The mechanical properties of whey protein networks as a function of protein 
concentration, temperature, pH, salt, and other environmental factors have been widely 
investigated over the years (McClements, 2002). However, this type of understanding has not 
been extended thoroughly to the encapsulant properties of the spray dried powder that need 
further discussion. To advance such considerations, we instigated the work depicted in        
Figure 5.2.  
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It reproduces the denaturation and associated aggregation of whey protein isolate at a 
concentration of 20% (w/w) in relation to changing pH values from 4 to 6 and as a function of 
temperature; heating to 85°C and staying there for 20 min. As the temperature approaches 65°C 
at a controlled rate, a dramatic increase in the values of storage modulus (G′) can be observed for 
systems prepared at pH 4. In this environment, early structure formation is recorded even at 
temperatures as low as 60°C, an outcome that should be attributed to incipient agglomeration of 
whey protein chains near their isoelectric point. At this critical pH, the system experiences 
reduced electrostatic repulsion and enhanced protein-protein interaction. The agglomerated 
structures of whey protein isolate can be considered to be in a globular molten state, where 
protein molecules form weak networks although they are largely in the native state (Britten & 
Giroux, 2001; McClements, 2002). 
Further heating of the various samples to 85°C increasingly results in protein denaturation 
and subsequent aggregation. Holding the material at this temperature for 20 min facilitates 
complete denaturation of the whey protein molecules and further strengthening of the network, as 
evidenced by the relative flat traces of storage modulus at about 103.5 Pa. The intensity of 
temperature is sufficient here to force the globular protein to unfold, exposing a new 
conformation state where the non-polar amino groups lie primarily at the exterior of the 
molecule. Exposed non-polar amino groups create strong hydrophobic interactions facilitating 
formation of coherent three dimensional structures (Bryant & McClements, 1998; Mulvihill & 
Donovan, 1987).  
 
5.4.3 Calorimetric profiles of condensed whey protein gels and spray dried microcapsules 
To delve further into the molecular aspects of thermally induced denaturation in whey 
protein, we employed the complimentary technique of micro DSC, with Figure 5.3a showing the 
thermal events of samples made at various levels of acidity. All protein samples were denatured 
at relatively high temperatures (from 70 to 90°C) seen in the endothermic events (downward 
peak) within thermograms. Protein sample at pH 4 possesses a relatively high mid-denaturation 
temperature (~82°C), as compared to that of samples at pH 5 and 6. This is related to the 
requirement for high levels of thermal energy to unfold protein agglomerates that are close to the 
isoelectric point leading to a cooperative (i.e. narrow) transition in protein thermodynamics 
(Boye, Alli, Ismail, Gibbs & Konish, 1995; Ju, Hettiarachchy & Kilara, 1999). In contrast, 
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increasing pH results in relatively broad and lower temperature endothermic peaks, as the protein 
molecule exhibits less cooperativity in its net negative-charge structure (Boye, Ma, Ismail, 
Harwalkar & Kalab, 1997; Katopo, Kasapis & Hemar, 2012).  
As spray drying is a high temperature and mechanical shear process, protein molecules 
undergo several physicochemical changes when passed through the atomiser and by the high inlet 
and outlet temperatures. To further understand the extent of protein denaturation during this 
drying technique, spray dried microcapsules of whey protein at pH 4 were resuspended to a 
concentration of 20% (w/w) in distilled water and analysed calorimetrically described in the 
preceding paragraph (Figure 5.3b). Appearance of a denaturation peak in the thermogram of 
whey protein microcapsules confirms the presence of intact secondary conformation following 
spray drying. The thermal technique reduced the denaturation temperature of whey protein at pH 
4 by approximately 7 degrees centigrade, as compared to the native whey protein gel in Figure 
5.3a.  
Changes in enthalpy calculated for the thermal denaturation of whey protein at pH 4 that 
had been prior subjected to spray drying at inlet temperatures of 70, 80 and 90°C were 1.37, 1.13 
and 1.07 J/g, respectively (Figure 5.3b), whereas the native whey protein at the same pH 
denatured with an enthalpy variation of 1.86 J/g in Figure 5.3a. Thus, a straightforward 
calculation confirms that the protein has been partially denatured following spray drying from 70 
to 90°C, with the extent of the molecular process being 26.2, 39.1 and 42.6%, respectively. The 
temperature regime and mechanical shear involved during spray drying has to a degree 
destabilised the globular conformation of the protein molecules.  
 
5.4.4 Conformational analysis of spray dried whey protein microcapsules as a function of 
thermal treatment 
Infrared spectroscopy assists in determining the physicochemical bonds associated with 
the protein structure, and it has been used presently to look at changes in conformational 
chemistry of whey protein from spray drying. Figure 5.4 illustrates two principle peaks that are 
associated with the protein structure, i.e. Amide I and Amide II. The former (1,700-1,600 cm-1) 
arises from the fundamental vibrations of various secondary structures such as β-sheets, α-
helices, chain turns and random coils found in β-lactoglobulin and α-lactalbumin. From a 
molecular perspective, stretching vibrations of the C=O group weakly coupled to the in-plane N-
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H bending and C-N stretching modes are responsible for such vibrational patterns (Krimm & 
Bandekar, 1986; Surewicz & Mantsch, 1988). Amide II band (1,550 – 1,480 cm-1) arises from N-
H bending vibrations of the amide bond from various configurations of the whey protein 
molecule but is not a sharp indicator of secondary structure by comparison (Kong & Yu, 2007).  
As shown in Figure 5.4, spray dried materials prepared at pH 4 possess considerable 
amount of native secondary conformation in accordance with the spectrum of the atmospheric 
whey protein isolate at the same pH. Microcapsules with inlet temperature of 70°C exhibit higher 
absorbance in comparison to their counterparts at 80 or 90°C and, therefore, there is a change in 
the conformational fingerprint of the protein by raising processing temperature. The presence of 
residual secondary conformation in spray dried microcapsules suggests that the encapsulant itself 
possesses bioactivity as it inherits the thermodynamic molten-globular state discussed in Figure 
5.2. Micro DSC and FTIR results in Figures 5.3 and 5.4 clearly demonstrate that the early 
structure formation recorded with increasing temperature in Figure 5.2 for solutions made at pH 4 
is not due to protein denaturation but, as argued earlier, should be the outcome of agglomerated 
molecules, which retain considerable levels of the native secondary conformation.   
 
5.4.5 Morphology of spray dried whey protein capsules   
To obtain tangible evidence of the microstructure of our materials in relation to the pH 
range of interest, we employed the technique of scanning electron microscopy. Figure 5.5 (a-d) 
reproduces typical micrographs of spray dried microcapsules obtained at an inlet temperature of 
90°C for a feed solution of 20% (w/w) protein within the pH variation of 4 to 7. It appears that 
spray dried whey protein at pH 4 produces relatively large microcapsules with an average 
diameter of up to 15 µm (Figure 5.5a). The outer topography of the particles indicates that the 
microcapsules are spherical in shape with very low levels of breakage. Reduction in acidity 
changes the dynamics of the microcapsule, with systems at pH 5 having diameters in the range of 
8 to 12 µm in Figure 5.5b. There is further capsular shrinkage at pH 6 and 7, with the 
predominant diameter falling well below 8 µm, and the surfaces exhibiting a certain degree of 
indentations (Figure 5.5c and 5.5d). 
Observed variation in capsule size should be attributed to reduced electrostatic repulsion 
that leads to increasing protein-protein association in solutions made close to the isoelectric point 
prior to spray drying. Adjusting the pH of preparations to near or neutral conditions reduces the 
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strength of molecular interactions resulting in capsules of smaller size. Spray dried particles are 
expected to provide acceptable mouthfeel in food formulations and act as effective conduits for 
targeted delivery of biofunctionality at an average population size below 40 µm (Rosenburg & 
Young, 1993; Boye, Kalab, Alli & Ma, 2000).  
 
5.4.6 Viability of S. boulardii cells in spray dried microcapsules 
Structural features of the capsules affect the preservation of microorganisms during 
industrial production or extensive storage and, in particular, crust formation in spray drying 
should have a significant role in protecting the core material (Anandharamakrishnan, Rielly & 
Staply, 2007; Young, Sarda & Rosenberg, 1993). Micrographs in Figure 5.5 (a–d) serve as an 
indicator of high protection of the encapsulated materials, through the use of whey protein isolate 
as the wall ingredient, at relatively low values of pH where production of intact spray dried 
capsules are presently shown.   
Figure 5.6 concludes the present study by depicting the survivability of S. boulardii after 
spay drying with inlet temperatures from 70 to 90°C based on the outcomes of the 
physicochemical work reported thus far. As before, variation in pH was within the range of 4 to 7 
and the average cell count of the original inoculum in the whey protein solution prior to spray 
drying was about log 8.5 cfu/ml. It appears that dehydrated systems with the lowest experimental 
pH have good survivability of the probiotic yeast, as compared to their counterparts with pH 
values from 5 to 7. In addition, processing conditions with inlet temperature at the spray dryer of 
90°C record the highest percentage of active microorganisms (about 38%), with the cell count 
being log 8.07 cfu/ml. 
It is evident from the mechanical observations in Figure 5.2 that materials at pH 4 exhibit 
early structure formation (agglomeration) prior to denaturation and subsequent aggregation with 
increasing temperature. It appears that these agglomerated structures when exposed to high inlet 
temperatures (90°C) of the spray dryer facilitate rapid crust formation, which can protect 
effectively the core material. From a mechanistic perspective, it is the kinetics of incipient 
agglomeration that enhance microbial protection, as opposed to the mechanical strength in mature 
polymeric networks. Rapid crust formation potentially shields early the core material by reducing 
the extent of thermal shock transmitting through the interior of the high-solid matrix.  
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As a final remark, the purpose of utilizing a relatively low range of inlet temperatures (70 
to 90°C) was to evaluate spray drying conditions against the technofunctionality of the whey 
protein network that denatures in these thermal conditions; heat flow results from DSC 
thermograms in Figure 5.3. We also checked the residual moisture of these microcapsules 
producing very low moisture contents of 3.7 ± 0.1, 4.5 ± 0.1 and 5.7 ± 0.1% at the inlet 
temperatures of 70, 80 and 90°C, respectively. Samples spray dried at 90°C had slightly 
increased moisture due to the rapid crust formation and high flow rate of the feed solution in 
order to maintain a relatively constant outlet temperature of about 45°C. Rapid crust formation 
should create an uneven surface on spray dried capsules characterised by indentations and 
microfractures, as indicated in the micrographs of Figure 5.5 (a-d), allowing adequate vapour 
release that otherwise would have killed the yeast via pressure build-up.  
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Figure 5.1 Viability of S. boulardii in pH-adjusted yeast nitrogen base broth after 12 h of 
incubation at 37°C (initial cell count at zero incubation time was log 6.2 cfu/ml). 
 
Figure 5.2 Development of storage modulus for 20% (w/w) whey protein isolate at pH 4 (□), 5 
(∆), and 6 (◊) under constant angular frequency and strain of 1 rad/s and 0.1%, respectively (scan 
rate: 1°C/min). 
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Figure 5.3 Heat flow signals for (a) native whey protein isolate (20%, w/w) at pH 4 (top), 5 
(middle) and 6 (bottom) arranged successively downwards, and (b) resuspended microcapsules of 
whey protein isolate (20%, w/w) at pH 4 after spray drying, with inlet temperatures of 70 (top), 
80 (middle) and 90°C (bottom) being arranged successively downwards  (scan rate: 1 °C/min). 
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Figure 5.4 FTIR absorbance spectra (1450-1750 cm-1) with characteristic Amide I (1620-1700) 
and Amide II (1470-1570) peaks for whey protein microcapsules at pH 4, with spectra of samples 
shown as solid lines at the inlet spray drying temperatures of 90 (bottom), 80 (middle) and 70°C 
(top) being arranged successively upwards, whereas the dashed line represents the spectrum of 
the native whey protein isolate. 
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Figure 5.5 Micrographs of spray dried whey protein isolate capsules from 20% (w/w) feed 
solution with an inlet temperature of 90°C at pH 4 (a), 5 (b), 6 (c), and 7 (d); magnifications are 
shown at the four images.  
 
 
Figure 5.6 Viability of S. boulardii in spray dried whey protein microcapsules from 20% (w/w) 
feed solution within the pH range of 4 to 7 and inlet air temperature of 70 (■), 80 (), and 90°C 
() performed in triplicates. 
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5.5 Conclusion 
The present work utilizes an armory of physicochemical techniques to provide a 
fundamental basis for ascertaining the survivability of S. boulardii cells subjected to spray 
drying. Informed manipulation of the whey-protein carrier as a function of the feed-solution pH 
and inlet temperature of the spray dryer optimized processing conditions in the production of 
microcapsules. The two parameter (pH and temperature) experimental protocol allowed 
evaluation of the whey protein matrix in relation to its isoelectric point and conformational state 
of the molecule. We were able to make a connection between the kinetics of structure formation 
in rapidly agglomerating whey protein chains, at acidic pH under a relatively moderate 
temperature treatment, and maximum endurance of the probiotic yeast. The postulated 
relationship between early crust formation in the capsule cell well and probiotic activity 
emphasizes the potential of this approach in the control of molecular processes that influence 
quality attributes of food materials. 
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Evaluating the Properties of Spray Dried Whey 
Protein/Polysaccharide Microspheres as Delivery 
Vehicles for Saccharomyces boulardii 
 
6.1 Abstract 
This work studies the effect of adding polysaccharides (sodium alginate and chitosan) to 
whey protein on the production of microcapsules for S. boulardii through spray drying. Network 
characteristics of the wall material play a crucial role in producing effective capsules that can 
protect the core material of a bioactive compound or live microorganism. Thermomechanical 
properties of whey protein/alginate and whey protein/chitosan mixtures were investigated 
through the techniques of small deformation dynamic oscillation in shear and micro-differential 
scanning calorimetry. Phase behaviour of the individual polymeric systems and the 
thermodynamics involved in whey protein denaturation and polysaccharide gelation were 
investigated in detail to understand the nature of the wall material after spray drying. The 
structural functionality of the molecular networks was further visually examined using Scanning 
Electron microscopy. Drawing insights from these fundamental studies, samples were spray dried 
at 80°C and the survival of S. boulardii was assessed within the various microcapsules.  
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6.2 Introduction   
The probiotic strategy of administering live microorganisms to obtain health benefits is 
gaining popularity by its encouragingly positive results for the prevention and treatment of 
several gastrointestinal diseases including pouchitis of ulcerative colitis (Gionchetti et al., 2003; 
Mimura et al., 2004). S. boulardii is clinically proven as an effective probiotic yeast for the 
treatment of infectious enteritis and Clostridium difficile-associated enterocolopathies (Buts, 
Corthier & Delmee, 1993). The beneficial effects of the probiotic yeast can only be achieved if a 
required amount of live cells reach the human gut after oral intake. The extreme conditions that 
prevail in the gastrointestinal tract such as acidity and the presence of bile compromise the 
survivability of the yeast cells (Klein, Elmer, McFarland, Surawicz & Levy, 1993). The study of 
Davis, Hardy, Taylor, Whalley and Wilson (1984) suggests that the approach of multiparticulate 
dosage has several advantages in oral delivery systems due to the small particle size of 
microcapsules that facilitates rapid passage through the gastrointestinal tract or in other words a 
shorter gastric residence time. This promotes the survival rates of S. boulardii as they are exposed 
to extreme conditions for a shorter period of time.  
The main benefit of microencapsulation, therefore, is in the protection of sensitive 
compounds or microorganisms from various environmental conditions (Lian, Hsiao & Chou, 
2003; Anal & Singh, 2007). However, the manufacture of microcapsules is highly challenging, as 
the choice of processing conditions and encapsulant material can affect the functionality of the 
bioactive substances (Wang, Yu & Chou, 2004; Zhao & Zhang, 2005). Spray drying is 
considered to be a cost efficient technique for the production of stable microcapsules in 
comparison to other relatively expensive techniques such as freeze drying (Gharsallaoui, 
Roudaut, Chambin, Voilley & Saurel, 2007). 
Over the years, several biomaterials (especially proteins and polysaccharides) have been 
studied for their use as encapsulants in spray drying. Whey protein isolate, a byproduct of the 
cheese industry, with its excellent functional properties produces microcapsules with high 
efficacy, but the stability of the proteinaceous matrix depends on several factors such as polymer 
concentration, ionic strength and pH of solutions, temperature and degree of denaturation (de la 
Fuente, Singh & Hemar, 2002; Foegeding, Davis, Doucet & McGuffey, 2002). Our earlier work 
suggests that the survivability of S. boulardii varies considerably during spray drying, with whey 
protein being the encapsulant and environmental settings changing from pH 2 to 8 
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(Duongthingoc, George, Katopo, Gorczyca & Kasapis, 2013). Optimum conditions for 
preservation of the yeast probiotic were within the narrow pH range of 4 to 5. 
Besides the many fruit drinks that contain a high-level of acid, there is considerable 
interest to stabilise probiotic containing food formulations at near neutral pH. Previous studies 
indicated that microcapsules with the wall material being composed of a mixture of 
polysaccharide and protein may be considered in the release mechanism of the core material 
under simulated intestinal conditions in addition to the single component counterparts (Chen & 
Subirade, 2006). In the present investigation, we propose to examine the structural properties of 
polysaccharides and globular proteins for the formation of cold-set gels and thermally denatured 
networks, respectively, in microcapsule technology (Lee & Heo, 2000; Chandramouli, 
Kailasapathy, Peiris & Jones, 2004).  
Thus the focus of this investigation is the effectiveness of using spray drying for the 
manufacture of microcapsules, as opposed to the technique of freeze drying. In particular, our 
objective is to incorporate alginate and chitosan in the whey protein formulation and utilise 
understanding of their molecular properties to examine probiotic encapsulants against the thermal 
shock during spray drying. Previous studies suggest that, beyond processing considerations, there 
are several advantages in incorporating polysaccharides within globular proteins, especially in the 
delayed release of the core material in the stomach, which then becomes available in the small 
intestine (Chen & Subirade, 2006).   
 
6.3 Materials and methods 
6.3.1 Materials 
Whey protein isolate: The material used was a product of Fonterra, Waikato, New 
Zealand. The certificate of analysis confirmed that the concentration of protein to be 91.3% along 
with 0.7% fat, 3.5% moisture, 3.8% ash and 0.44% lactose. The dispersion of 10% whey protein 
(w/w) in distilled water gave a pH value of 6.3. 
Sodium alginate: The sample used this investigation was supplied by Sigma-Aldrich Co, 
Hampshire, UK. It is composed of guluronic and mannuronic acid residues at a ratio of 39:61. 
According to the supplier, the molecular weight of the material was in the range of 80,000 to 
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120,000 Da, and gives a viscosity of about 2 Pa s at a concentration of 2% (w/w) in distilled 
water at 25°C. 
Chitosan: The polysaccharide was purchased from Sigma-Aldrich Co, China. According 
to the supplier, it is classified as a low molecular weight product with deacetylation of > 75%. It 
possesses a viscosity of 0.2 Pa s at a concentration of 1% (w/w) in acetic acid (1%).  
S. boulardii: Yeast cells were obtained in lyophilised form from Biocodex, Gentilly, 
France. Cells were activated by culturing them in yeast nitrogen base broth (YNB), which 
contains 1% D-glucose (BDH Merck, UK).  
 
6.3.2 Sample preparation and analysis 
Whey protein solutions: Samples of whey protein were prepared by mixing the protein in 
distilled water to obtain concentrations of 10 and 20% (w/w) at their natural pH and ambient 
temperature. To ensure proper mixing, the system was stirred for 30 min at ambient temperature 
followed by storage for 12 h at 4 ± 1°C for thorough hydration. 
Alginate solutions: Polysaccharide solutions were made by adding alginate to distilled 
water at elevated temperature to obtain final concentrations of 0.2, 0.6 and 1.0% (w/w). Solutions 
were stirred for 30 min at 80°C to ensure complete dissolution of the powder in distilled water.  
Chitosan solutions: These were prepared by mixing chitosan at concentrations of 0.2, 0.6 
and 1.0% (w/w) in the acetate buffer containing acetic acid glacial and sodium acetate hydrated 
(Ajax Fine Chem, Australia), which was at pH 4 and 50mM strength, at 80°C. To ensure proper 
dissolution, samples were stirred for 30 min at 80°C. 
Whey protein/alginate solution: To obtain binary mixtures of whey protein with alginate, 
solutions of the individual components were prepared as described in the preceding paragraphs. 
Appropriate amounts of these stock solutions were combined at 1:1 ratio at 40°C to produce 
mixtures of 10% whey protein with 0.1, 0.3 or 0.5% alginate. 
Whey protein/chitosan solution: Mixtures of whey protein with chitosan solution were 
prepared from the individual components. Stock solution of whey protein (20%) with pH was 
adjusted to 4 using acetic acid (glacial) then mixed with the prepared chitosan solutions 
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(concentrations of 0.2, 0.6 and 1.0%). The solutions were then mixed in a 1:1 ratio at 40°C to 
produce mixtures of 10% whey protein with 0.1, 0.3 and 0.5% chitosan, respectively.   
Rheological analysis: Viscoelastic properties of samples were analysed using ARG-2 (TA 
Instruments, New Castle, DE), which is a controlled strain rheometer. Parallel plate geometry of 
40 mm was used for the experimentation, with the samples edges being covered with silicone oil 
(50 cS from BDH) to minimise evaporation. 
Whey protein solutions (10%, w/w) were loaded at 25°C and the experimental 
temperature was raised to 85°C at 1 °C/min. That was followed by an isothermal test for 20 min 
at the same temperature to induce thermal denaturation and subsequent protein aggregation. A 
constant angular frequency and strain of 1 rad/s and 0.1%, respectively, were maintained 
throughout the experiment.   
As for referencing, individual alginate and chitosan samples (0.1 or 0.3%, w/w) were 
loaded at 80°C on the Peltier plate of the rheometer, which was cooled to 5°C at 1°C/min and an 
angular frequency and strain of 1 rad/s and 1%, respectively, were used. This was followed by an 
isothermal run at 5°C for 20 min and a frequency sweep between 0.1 and 100 rad/s.   
Binary mixtures of whey protein/alginate and whey protein/chitosan were loaded at 40°C 
and ramped to 85°C at 1 °C/min. To obtain complete denaturation of whey protein, isothermal 
runs for 20 min were performed at that temperature. The alginate and chitosan functionality was 
then activated by cooling the mixture to 5°C at a rate of 1 °C/min. Fixed frequency and strain 
values of 1 rad/s and 0.1% strain, respectively, were maintained during the measurements. 
Differential scanning calorimetry: These experiments were performed using Setaram 
Micro DSC VII (Setu-rau, Caluire, France). Samples were placed in 850 mg cell with an equal 
amount of distilled water in the reference pan. They were stabilized for one hour before the 
experimental run from 25 to 95°C and a scan rate of 1 °C/min. The mid-denaturation temperature 
(Tmid) that corresponds to the maximum of the transition peak was determined using Setaram 
proprietary software. 
To determine the extent of protein denaturation during spray drying, the microcapsules 
formed during spray drying were resuspended with the aid of a magnetic stirrer in distilled water 
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to a concentration matching that of the feed solution, and refrigerated at 4 ± 1°C for 12 h. 
Samples were then subjected to thermal treatment as above.  
Environmental scanning electron microscopy: The morphology of microcapsules was 
probed using FEI Quanta 200 SEM (Hillsboro, Oregon, USA). Standard operating conditions of 
pressure of 0.52 torr, accelerating voltage of 30 kV and high vacuum SEM mode were used to 
obtain clear images of microcapsules at high magnification (6000x). 
Isolation and culturing of yeast cells: Commercially available freeze dried cells of yeast 
(0.1 g) were inoculated into 10 ml of yeast nitrogen base broth (YNB), a media with essential 
nutrients for the growth and multiplication of yeast cells, and then incubated for 24 h at 37 ± 1°C. 
To identify the yeast colonies, a serial dilution was performed by adding 1 ml of the above broth 
with active yeast cells to 9 ml of saline (0.85%). This was then plated onto yeast malt extract agar 
(YM agar) and incubated for 48 h at 37 ± 1°C. The appearances of only whitish cream colonies 
with circular morphology on YM agar and the violet stained oval cells under a light microscope 
(Motic EF-N Plan, Australia) with oil immersion magnification of 1000x confirmed the presence 
of pure yeast cells (Larone, 2011). Identified colonies of S. boulardii were transferred to YNB 
broth from the YM agar media using a sterile loop and thoroughly mixed with a vortex mixer. An 
aliquot (1 ml) of the above broth was transferred to the same broth line (YNB, 99 ml) and 
incubated at 37 ± 1°C to the late log phase of S. boulardii growth. This served as the culture of S. 
boulardii for microencapsulation. 
Microencapsulation using spray drier:  Microcapsules were produced by spray drying 
whey protein/alginate or whey protein/chitosan solutions containing S. boulardii. Yeast cells 
from the YNB broth were harvested in their late log phase (~107.5 cfu/ml) by centrifuging at 
6,000 rpm and 4°C for 10 min. Obtained pellets were washed using a saline solution and added to 
whey protein/alginate or whey protein/chitosan dispersions. Spray drying was carried out with a 
LabPlant Spray Drier SD-Basic (Labplant UK Ltd.) attached with a peristaltic pump. The air 
pressure was set at 4 kg/cm2 with a flow rate of 8 to 12 ml/min. The inlet temperature was set at 
80°C with the outlet temperature being between 45 and 50°C. With the aid of a magnetic stirrer, 
the feed solution containing whey protein, alginate or chitosan, and S. boulardii was stirred at 40 
± 1°C to ensure even distribution of each component.   
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Enumeration of yeast cells after encapsulation: Viability of yeast cells in spray dried 
microcapsules were analysed by suspending 1 g of spray dried powder in 9 ml of saline (0.85%). 
After a serial dilution, an aliquot of 0.1 ml was transferred to YM agar plates and incubated at 37 
± 1°C for 48 h for standard plate count analysis. 
 
6.4 Results and discussions 
6.4.1 Mechanical properties of whey protein/polysaccharide systems  
Aggregation of whey protein via thermal treatment has been a topic of interest as it 
renders structural properties to food and pharmaceutical systems (McClements, 2002). Chapters 4 
and 5 of the thesis dealt with the structural properties of whey protein-based microcapsules as a 
function of pH, concentration of protein, levels of added calcium chloride, and the effect of 
protein agglomeration at the isoelectric point providing patterns of the survival of S. boulardii 
after spray drying. As a further step, possibilities of introducing polysaccharide (sodium alginate 
and chitosan) to the globular proteins of whey for microcapsule preparation through spray drying 
are explored in the present chapter. Alginate and chitosan at varying concentrations (0.1 to 0.5%, 
w/w) were mixed with whey protein (10%, w/w) and their mechanical properties were monitored 
using the technique of small deformation dynamic oscillation in shear.    
Figure 6.1 reproduces the pattern of network development for the whey protein/alginate 
system as a result of controlled thermal treatment (scan rate of 1 °C/min). Whey protein upon 
heating loses its globular conformation and polymerises with neighbouring molecules to attain 
thermodynamic stability (Bryant & McClements, 1998; Mulvihill & Donovan, 1987). This can be 
witnessed by the increase in the values of storage modulus during the process of heating, which 
cover at least two orders of magnitude in preparations. The isothermal step at 85 °C for 20 min 
strengthens the three dimensional structure, which is further reinforced with a subsequent cooling 
run due to hydrogen bond stabilisation.  
Specifically, addition of 0.1% alginate to 10% whey protein enhances the network 
strength of the composite material. As shown in Figure 6.1, early gelation is observed compared 
to the single system of whey protein and further cooling results in higher values of storage 
modulus. This outcome is due to the combined contribution of both whey protein and alginate 
matrices to the composite gel. Within the binary mixture of whey protein and alginate, polymeric 
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constituents exist as individual networks that should be micro phase separation. Since systems 
were first heated, followed by cooling, whey protein creates a continuous phase with the 
polysaccharide forming distinct domains that contribute to viscoelasticity during cooling. 
The phenomenon is reproduced with increasing alginate concentration to 0.3% (w/w) 
within the mixture resulting in a much stronger network, with the values of storage modulus 
being above log 3.8 Pa at 5°C. This magnitude of modulus increase argues that alginate also 
forms a continuous phase at this concentration leading to a bicontinuous gel. Still, early gelation 
of whey protein is observed in this sample providing an indication that during spray drying, rapid 
and strong crust formation should be expected to enhance the survivability of S. boulardii.  
Next, the concentration of alginate was increased to 0.5% (w/w) in the mixture, but 
mechanical measurements in Figure 6.1 show reproducible results arguing that the overall 
network strength is considerably reduced. This indicates that high concentration of alginate 
hinders effective aggregation of whey proteins to increasingly prevent them from forming a 
continuous phase. The molecular process can be described as “phase inversion”, where alginate 
from being a micro-domain within the supporting whey protein phase manages eventually to 
create a continuous matrix at higher concentrations of the polysaccharide. In regards to 
microencapsulation, this observation emphasises the fact that random mixing of whey protein 
with polysaccharide does not provide capsules of superior mechanical strength and, instead, a 
clear understanding of polymer interactions and phase behaviour is recommended prior to 
carrying out any thermal processing including spray drying. 
To further analyse the influence of gelling polysaccharide on globular proteins, which is 
the main interest of this work, a second binary mixture of whey protein with chitosan was 
prepared at pH 4. Thus, a series of samples was made with varying concentration of chitosan (0.1 
to 0.5%, w/w) at a fixed concentration of whey protein (10%, w/w) and subjected to mechanical 
analysis with thermal treatment. As illustrated in Figure 6.2, whey protein forms thermally 
induced aggregates leading to strong networks in a similar manner to that recorded in Figure 6.1. 
Addition of 0.1% chitosan promotes the structural characteristics of the whey protein phase with 
an early gelation temperature and higher values of storage modulus. However, further increases 
in the concentration of chitosan (0.3 and 0.5%) result in a serial reduction in the composite 
strength. This outcome appears to be generic to the phase behaviour of whey protein and gelling 
polysaccharide mixtures as it is reported earlier for the case of sodium alginate. The phenomenon 
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of phase inversion is at play here as well leading to considerable reduction in the ability of the 
globular protein to influence the macromolecular dynamics of the composite matrix. Further, the 
magnitude of this outcome is specific to polysaccharide conformation, with chitosan being more 
effective than sodium alginate in disrupting the structural ‘knots’ of the whey protein phase.  
  
6.4.2 Thermal analysis of whey protein/polysaccharide systems 
Differential scanning calorimetry offers insights into the various parameters associated 
with thermodynamic transitions of protein conformation including changes in enthalpy of 
denaturation, midpoint transition temperature of denaturation, etc. This investigation takes 
advantage of this experimental protocol to examine the heat flow signals of samples of whey 
protein/alginate and whey protein/chitosan hence producing complementary results to the 
rheology data in the preceding section. Figure 6.3a represents the thermal spectrum of whey 
protein denaturation (10%, w/w) in presence of alginate (0.1 to 0.5%, w/w) within the pH range 
of 6.3 to 6.5 (natural pH of low whey-protein solids in solution). Protein systems exhibit a mid-
denaturation temperature of ~78°C attributed largely to β-lactoglobulin (Jones, Decker & 
McClements, 2010). Addition of alginate to whey protein does not interfere with the endothermic 
event, which follows the same pattern as the single whey protein preparation. 
To examine the effect of spray drying on single and binary samples of whey protein in 
combination with alginate, spray dried microcapsules were resuspended in distilled water to a 
concentration similar to its feed solution and examined using micro-DSC as represented in Figure 
6.3b. Similar to the native ingredients in Figure 6.3a, the spray dried counterparts exhibit 
denaturation temperatures of ~78°C, an outcome which strongly argues that whey protein 
molecules retain a degree of native conformation even after spray drying at 80°C.  
As a follow up, Figure 6.4a depicts the thermal spectra of whey protein (10%, w/w) in the 
presence of chitosan (0.1 to 0.5%, w/w) at pH 4. Compared to Figure 6.3a, a slight increase in the 
mid-denaturation temperature of the protein by about six degrees centigrade is observed. Whey 
protein close to its isoelectric point has a tendency to form relatively stable agglomerates that 
require a higher temperature to denature (Boye, Alli, Ismail, Gibbs & Konish, 1995; Ju, 
Hettiarachchy & Kilara, 1999). Samples of whey protein with chitosan at the experimental 
concentrations trialled maintain a similar temperature band within the range of 83 to 85°C.  
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Finally, Figure 6.4b represents the thermograms of spray dried microcapsules that were 
resuspended in distilled water to a concentration similar to its feed solution. As before, spray 
drying at 80°C leaves to a degree the cell wall material unaffected, as similar endothermic peaks 
associated with protein denaturation upon calorimetric analysis were exhibited. Results do not 
argue for considerable variation in thermal profiles of the microcapsules, in the presence of either 
polysaccharides tested, hence the pattern of whey protein denaturation was followed This 
outcome further argues for the absence of specific electrostatic interactions between the two 
polymeric constituents; instead, phase separation and disruption of the final network integrity of 
whey protein has been observed rheologically. 
 
6.4.3 Microscopic observations on the morphology of whey protein/polysaccharide 
capsules  
Scanning electron microscopy has been employed to provide visual evidence as to the 
type of microcapsules obtained from our hydrocolloid mixtures. Figure 6.5 (a - c) reproduces 
typical images for microcapsules made from spray dried whey protein and whey protein/alginate 
systems. Single protein samples produce upon spray drying spheroidal entities with an average 
size of 8 to 10 µm that show strong tendency to adhere to each other. Incorporation of alginate, 
and in particular at the concentration of 0.3% in the feed solution, results in microcapsules of 
inferior quality in terms of a higher degree of polydispersity and indentations. 
As for the thermomechanical analysis discussed earlier, polysaccharide effects were 
further probed by producing micrographs of whey protein/chitosan at pH 4. In Figure 6.6a, 
formation of large agglomerates at the protein isoelectric point is evident, with particles being 
above 15 µm in size. Addition of chitosan at concentration 0.1 and 0.3% yields a certain 
reduction in particle size (about 5 µm in Figures 6.6b and 6.6c). Congruent to alginate addition, 
the systems appear to be polydispersed in nature with a high degree of irregularity and 
indentations on the surface of microcapsules.  
  
6.4.4 Viability of S. boulardii cells in spray dried whey protein/polysaccharide 
microcapsules 
Molecular understanding of the structural and thermodynamic properties of polymeric 
networks, in the way described in the preceding sections of this investigation, directly influence 
 163 
 
their protective effect on core material during spray drying. Taking on board, therefore, 
conclusions of the physicochemical analysis, the survival of S.boularii cells was tested in spray 
dried microcapsules processed with an inlet temperature of 80°C. Figure 6.7 summarises the 
survival profile of the probiotic encapsulated with whey protein or whey protein/alginate systems. 
Survival of the yeast cells was about 3% within the spray dried protein and this trend persisted 
with the addition of 0.1% alginate in the feed solution. However, a further increase in the 
concentration of alginate to 0.3% hindered considerably the survival of microorganisms to less 
than 1%. We have checked that the passage of the viscous feed solutions with alginate does not 
affect the functionality of the atomiser to expose the yeast cells to a prolonged thermal shock.  
This investigation was concluded by examining the survival of S. boulardii with chitosan 
as the polysaccharide of interest in a mixture with whey protein at pH 4. As shown in Figure 6.8, 
10% whey protein at pH 4 in the feed solution exhibited comparatively higher viability than any 
other formulation trialled in this Thesis presently. The protective effect of whey protein 
agglomerates at the isoelectric point has also been documented and extensively discussed in 
Chapter 4 of this Thesis. Addition of chitosan at concentrations of 0.1 and 0.3% reduces 
progressively the viability of S. boulardii cells during spray drying. As discussed in the preceding 
paragraph, the high viscosity of the feed solution due to the addition of chitosan to whey protein 
neither hinders efficient atomisation nor compromises microcapsule production. Instead, the 
answer to this observation lies in the trends recorded in Figures 6.1 and 6.2 that outline the effect 
of the polysaccharide network on the integrity of the whey protein matrices. Clearly, disruption 
of the mechanics of the protein matrix with increasing addition of gelling polysaccharide 
reflected in reduced probiotic survival of these systems upon spray drying. 
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Figure 6.1 Development of storage modulus for 10% (w/w) whey protein isolate (natural pH) 
with alginate at concentrations of 0.0 (□), 0.1 (∆), 0.3 (), and 0.5% (◊) under constant angular 
frequency and strain of 1 rad/s and 0.1%, respectively (scan rate: 1 °C/min). 
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Figure 6.2 Development of storage modulus for 10% (w/w) whey protein isolate with chitosan at 
concentrations of 0.0 (□), 0.1 (∆), 0.3 (), and 0.5% (◊) at pH 4 with constant angular frequency 
and strain of 1 rad/s and 0.1%, respectively (scan rate: 1 °C/min). 
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Figure 6.3 Heat flow signals for (a) native whey protein isolate (10%, w/w; natural pH) with 
alginate at concentrations of 0.0, 0.1, 0.3 and 0.5% arranged successively downwards, and (b) 
resuspended microcapsules of whey protein isolate (10%, w/w) with alginate at concentrations of 
0.0, 0.1 and 0.3% arranged successively downwards  (scan rate: 1 °C/min). 
 167 
 
 
 
Figure 6.4 Heat flow signals for (a) native whey protein isolate (10%, w/w) at pH 4 with chitosan 
at concentrations of 0.0, 0.1, 0.3 and 0.5% arranged successively downwards, and (b) 
resuspended microcapsules of whey protein isolate (10%, w/w) with chitosan at concentrations of 
0.0, 0.1 and 0.3% arranged successively downwards  (scan rate: 1 °C/min). 
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Figure 6.5 Micrographs (mag. 6000x) of spray dried whey protein isolate capsules from feed 
solutions of whey protein isolate 10% (w/w) and alginate of 0.0 (a), 0.1 (b), and 0.3% (c). 
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Figure 6.6 Micrographs (mag. 6000x) of spray dried whey protein isolate capsules from feed 
solutions of whey protein isolate 10% (w/w) and chitosan of 0.0 (a), 0.1 (b), and 0.3% (c).  
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Figure 6.7 Viability of S. boulardii in spray dried microcapsules from feed solution of whey 
protein isolate 10% (w/w) with alginate 0.0, 0.1 and 0.3%. 
 
Figure 6.8 Viability of S. boulardii in spray dried microcapsules from feed solution of whey 
protein isolate 10% (w/w) with chitosan of 0.0, 0.1 and 0.3%. 
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6.5 Conclusions 
Current investigation sheds light on the influence of gelling polysaccharides, in 
combination with globular protein, in the engineering of spray dried microcapsules for the 
protection of S. boulardii cells. Molecular interactions between whey protein and alginate or 
chitosan have been examined largely with a thermomechanical protocol to demonstrate that 
systems formed consist of phase separated entities. From a thermodynamic perspective, this 
polysaccharide inclusion does not hinder protein denaturation, which takes place in the phase 
separated domain in accordance with a single whey protein preparation. However, increasing 
levels of polysaccharide in mixtures yields phase inversion and prevention of extensive 
development of a continuous whey protein network leading to a reduction in the mechanical 
strength of the composite gel. This effect is dependent on the conformational fingerprints of the 
polysaccharide, with chitosan being more effective in disturbing the structural notes of a three 
dimensional protein assembly. Developed molecular understanding of protein/polysaccharide 
interactions is crucial in this field since it affects directly the performance of spray dried 
microcapsules in relation to encapsulated microorganism survival. 
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Conclusions and Future Work 
 
S.boulardii is the only known probiotic yeast that has been used for the prevention and 
treatment of antibiotic associated diarrhea since 1962. This yeast is capable of reducing the 
population of pathogenic organisms such as Clostridium difficile, Candida albicans and 
Escherichia coli. Encapsulation is a common tool that provides a barrier between sensitive 
bioactive materials, such as probiotics, and the environment by entrapping the bioactive materials 
within a carrier or wall matrix of proteins, polysaccharides and/or lipids. Spray drying is one of 
the oldest and the most widely used encapsulation techniques in the food industry. Whey 
protein’s physicochemical properties suggest that it has the potential to be a promising 
encapsulant to assist with the controlled or targeted delivery in the release of bioactive materials. 
In addition, whey proteins also possess an excellent balance of essential and sulphur containing 
amino acids which is the basis of their high nutritional quality.  
However, the effectiveness of whey protein as an encapsulant has not been evaluated in 
terms of rheological characteristics and nor has there been a study examing the effect of key 
processing praemeters on the encapsulating characteristics of WP. Therefore, this Thesis aimed to 
investigate the structural behavior of whey protein-based matrices as coating materials 
particularly the influence of whey protein concentration, presence of calcium, pH, and in 
combination with polysaccharides. Thus, this study provided a fundamental study of the 
survivability of the encapsulated probiotic yeast S. boulardii subjected to spray drying.  
Work in this Thesis began by exploring the growth characteristics of S. boulardii under a 
range of conditions: pH, temperature and calcium levels that are pertinent to the spray drying of 
this culture. The growth profiles of S. boulardii, as represented by viable cell number, were very 
similar in the YNB broths with and without added phosphate buffer or calcium. Similarly, a shift 
in pH values (from 4 to 8) of the YNB broth did not significantly affect the growth characteristics 
of the yeast cells in terms of its growth profile or the maximum cell density reached. Results from 
this chapter also demonstrated that the spray drying outlet temperatures in the range of 50 to 
60°C had the same effect on the yeast’s viability.  
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There is a little understanding of the microencapsulation of S. boulardii using the energy 
efficient spray drying technique whereas there is extensive documentation of the more expensive 
freeze-drying approach. Spray drying is the most common method to produce an encapsulated 
food product; however, the thermal process has a lethal effect on the yeast cells. To improve the 
survival of this probiotic, a whey protein isolate was utilised as the encapsulant of interest in the 
spray drying technology. This research addressed the physicochemical properties of the whey 
protein matrix and its role in the development of an optimal capsule. It is postulated that the 
development of a cohesive whey protein network can be used as a basis to optimize the viability 
of S. boulardii under given spray drying conditions. It appears that adjusting the pH of the whey 
protein dispersions close to its isoelectric point (pH 4-5) and in the presence of CaCl2 had a 
positive impact on the viability of the encapsulated yeast cells. At the isoelectric point, whey 
protein undergoes an early agglomeration due to reduced electrostatic repulsion resulting in an 
enhanced protein-protein interaction. This finding argues that the kinetics of the early protein-
chain agglomeration and crust formation of whey protein plays a crucial role in maintaining the 
viability of the yeast cells, as opposed to the ultimate network strength formed over an extended 
thermal treatment.  
Further protection of yeast cells was achieved by investigating the integrity of coating 
matrix in relation to pH of the feed solution and the inlet temperature of spray drying. It was 
found that inlet temperature of 90ºC and pH 4 resulted in the highest percentage of viable 
microorganisms following spray drying in comparison to that at near neutral pH. The results from 
this work suggest that the agglomerated protein structures, when exposed to high temperature, 
facilitated rapid crust formation. The connection between rapid crust formation and the survival 
of the yeast cells is that this rapid crust formation reduces the extent of thermal shock transmitted 
through the interior of the protein matrix, thus, potentially shielding the core material.   
From a mechanistic perspective, what improves the viability of yeast is the early 
agglomeration and not the the final mechanical strength of the mature polymeric networks. This 
is shown by the microscopy results, rapid crust formation appeared to create an uneven surface 
on the spray dried capsules as seen as indentations and micro fractures. It is thought that those 
surface structures indicate that there was adequate vapour release that otherwise would have 
killed the yeasts via pressure build up.  
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This Thesis also investigated the combination of whey protein with polysaccharide 
(sodium alginate or chitosan) as alternative encapsulants. The interaction between whey protein 
and the polysaccharide has been studied extensively and as a result it is understood that the 
system form phase separated entities. The addition of the polysaccharide studied did not affect 
whey protein denaturation but increasing the level of polysaccharide appeared to hinder the 
development of the continuous whey protein matrices and yield phase inversion. It is postulated 
that this disruption of the mechanics of the protein matrix contributed to the low survival of the 
probiotic.  
The findings of this Thesis are encouraging as they contribute valuable knowledge to our 
understanding of the structural behaviour and properties of whey protein-based matrices as 
coating materials for the efficient preservation of the encapsulated microorganism. As indicated, 
the water content much below 13% of the spray dried whey protein microcapsules is safe for long 
term storage. The postulated relationship between early crust formation in the capsule cell and 
probiotic survival emphasises the potential of this approach to control the molecular processes 
that in turn influence the quality attributes of food materials. Findings from this Thesis can be 
deemed as a solid starting point for the development of novel products containing probiotics 
produced through energy efficient spray drying using high quality protein as the encapsulant, not 
only for S. boulardii but also for other bacteria. With size below 100 µm, the whey protein 
microcapsules would not totally affect the sensorial value of a food matrix. Moreover, 
appropriate in-vitro or in-vivo study should be conducted in future research to evaluate the effect 
of the integrity and the extent of the coating matrices in prolonging the retention of encapsulated 
components during storage and digestion.   
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Appendix 1 Development of storage modulus for 12% (w/w) whey protein isolate at pH 4 (○), 5 
(◊), 6 (□), 7 (♦) and 8 (∆) scanned at 1 °C/min. 
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Appendix 2 Development of storage modulus for 14% (w/w) whey protein isolate at pH 4 (○), 5 
(◊), 6 (□), 7 (♦) and 8 (∆) scanned at 1 °C/min. 
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Appendix 3 Development of storage modulus for 12% (w/w) whey protein isolate with CaCl2 at 
concentrations of 0 (∆), 50 (♦), 100 (□) and 200 (○) mM scanned at 1 °C/min. 
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Appendix 4 Development of storage modulus for 14% (w/w) whey protein isolate with CaCl2 at 
concentrations of 0 (∆), 50 (♦), 100 (□) and 200 (○) mM scanned at 1 °C/min. 
 
 
 
 
